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PREFACE 

This,  the 13th Annual  Battery  Workshop  was  attended by manu- 
facturers?  users? and government  representatives interested in the 
latest  results of testing,  analysis, and development. The purpose 
of the Workshop was to share  flight and test  experience,  stimulate 
discussion on problem  areas, and to review  the  latest  technology 
improvements. 

The  papers presented in  this  document  have  been  derived  from 
transcripts  taken  at  the  Workshop held at the Goddard Space  Flight 
Center on November 18-20, 1980. The  transcripts  were  lightly 
edited with  the speaker's vugraphs assembled at the end of each 
presentation for uniformity. 

iii 





INTRODUCTION 
G. Halpert 

Goddard  Space  Flight Center 

On  behalf of NASA  and  Goddard  Space  Flight  Center, I should 
like  to  welcome  you  to  the  1980 NASA Battery Workshop. 

After an  opening paper by Judy  Ambrus, and the  rest  of  the 
morning  will be devoted to  a  session  on  lithium  primary  cell  tech- 
nology. This  session  will  continue  in  the  afternoon, and will be 
concerned  mainly  with  the  subject of lithium  primary  cells and 
safety  in operations. It will be followed by a  panel  discussion, 
which  I  hope you  will  all  find  interesting.  The  panel  has been 
set up by Charles  Scuilla  of  CIA, and its  members  will  discuss 
safety  aspects of lithium and other cells. 

Tomorrow  we  shall  start  with  some  discussion of future  needs 
in  the aerospace  business, and continue with a  discussion of elec- 
trode  material  technology.  Tomorrow  afternoon  we  shall  continue 
with the  subject  that  has  been dear to us for the last  few  years: 
statistical  analysis of battery  data and accelerated testing. 
This  will be followed by a  panel  discussion  on the subject of syn- 
chronous  orbit  accelerated testing. On Thursday,  morning  we  shall 
discuss the results of space  flight  testing, and actual  on-board 
experience  of  nickel  cadmium  cells.  Then,  Finally,  on  Thursday 
afternoon,  we  shall  discuss the nickel  hydrogen  area,  which is  of 
significant  interest  here for the  future in aerospace. 

For your  information,  we  have included a  list of the 
acquisition  numbers for all  workshop  proceedings  dating back to 
1970. 
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OVERVIEW OF NASA  BATTERY  TECHNOLOGY  PROGRAMS 
J. AMBRUS 

NASA  HEADQUARTERS 

I am honored to be here as a  representative  of  the  Office of 
Aeronautics and Space  Administration to open the  1980  NASA  Battery 
Workshop. This workshop has traditionally brought together tech- 
nical  experts  in  the field of batteries from NASA, sister agen- 
cies, and government and industry. As such,  it  has  always  been 
observed by NASA  Headquarters as one  of the most authoritative 
sources  of  technical  information on the planning and testing of 
future programs. 

In NASA, as in other agencies,  batteries  are  part of almost 
every mission, and so NASA  has many battery programs. 

The  purpose of  the space  research and technology program  in 
NASA is to provide a  technology base that will adequately support 
ana enhance,  current and future  activities in the  exploration and 
exploitation of space. Therefore, our programs, the OAST pro- 
grams, are structured  such  that they support  present  battery 
programs with fundamental understanding and also enhance  future 
missions. Part  of our program  is  to push forward the frontier of 
technology, as NASA  has  always  done, so that, in future,  missions 
will be possible  that we  cannot even  comtemplate today. 

I should like to tell you  about the NASA organization, so that 
you  see  where  this  program  fits in. 

(Figure 1-1) 

NASA is organized under an Administrator,  at  present 
Dr. Frosch, and there are  six associate administrators  who run the 
technical programs. One of these is the Associate Administrator 
for Aeronautics and Space  Technology, who is responsible for  our 
program. 

There  are  also  many  technical  centers, on which we depend to 
carry out the technical programs. Headquarters makes plans with 
the aid of  the  technical  centers, and leaves  the  execution  of  the 
programs  to the technical centers. 

At present  most of our interactions  are  with  Lewis  Research 
Center in Cleveland, JPL  in Pasadena,  Johnson  Space  Flight Center 
in Houston, and some  here at Goddard. However,  there  are  many 
other battery programs  that I know  of, such as at Langley and at 
Marshall, and I am  sure  that  there  are  some  that I do  not know of 
yet. 

Within  the  Office of Aeronautics and Space  Technology we have 
an  organization  as  such, and here we  come down to the technology 
areas  that we support. 
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( F i g u r e   1 - 2 )  

T h e r e  i s  a d i v i s i o n ,   t h e   R e s e a r c h   a n d   T e c h n o l o g y   D i v i s i o n  
w h i c h   s u p p o r t s   f l u i d   p h y s i c s ,   p r o p u l s i o n  mater ia l s  a n d   s t r u c t u r e s ,  
e l e c t r o n i c s   a n d  human f a c t o r s ,   a n d  space p o w e r   a n d . p r o p u l s i o n .  
Chemical e n e r g y   s t o r a g e   a n d   c o n v e r s i o n   f a l l s   w i t h i n   t h e   c a t e g o r y  
' space   power   and   p ropu l s ion . '  

I n   o t h e r   w o r d s ,   o u r   p u r p o s e  i s  t o   p r o v i d e   t h e   t e c h n o l o g y  base 
i n   t h e  areas  o f   p h o t o v o l t a i c   e n e r g y   c o n v e r s i o n ,   c h e m i c a l   e n e r g y  
c o n v e r s i o n   a n d   s t o r a g e ,   t h e r m a l - t o - e l e c t r i c   c o n v e r s i o n ,   p o w e r   s y s -  
tems m a n a g e m e n t   a n d   d i s t r i b u t i o n ,   a n d  t o  e x p l o r e   r e v o l u t i o n a r y  
c o n c e p t s   i n   e n e r g y   s t o r a g e   a n d   c o n v e r s i o n .  

So i f   y o u   h a v e   a n   e x c e l l e n t  idea t h a t  would replace b a t t e r i e s  
f o r e v e r ,  p lease come t o  u s .  We s u p p o r t  it. However, i n   t h e  mean- 
time, we s t i l l  h a v e   b a t t e r y   p r o g r a m s .  

T h e   m i s s i o n s   i n   g e n e r a l  t h a t  a r e  e n v i s i o n e d  a r e  h i g h - o r b i t  
s p a c e c r a f t ,   l o w - o r b i t  e a r t h  s t a t i o n s ,   p l a n e t a r y   o r b i t e r s   a n d   p l a n -  
e t a r y   p r o b e s .  When t h i s  is t r a n s l a t e d   i n t o  what w e  w a n t   t h e   b a t -  
t e r i e s  t o   d o ,  it comes down t o  what we a l w a y s   w a n t   t o   d o :  w e  want 
h i g h   e n e r g y   d e n s i t y ,   h i g h   c a p a c i t y ,   l o n g   c y c l e  l i f e ,  l o n g   s t o r a g e  
l i f e ,   a n d ,   o f   c o u r s e   l o w   c o s t .  Now t h e s e   s o u n d  l i k e  "Motherhood" 
s t a t e m e n t s ,   b u t   t h i s  is w h a t   r e a l l y   d r i v e s   b a t t e r y   t e c h n o l o g y   i n  
e v e r y   a g e n c y ,   i n c l u d i n g  NASA. 

With t h i s  i n  mind how d o  w e  p l a n  t h e  program? 

I t  i s  v e r y  much a team approach .   Major   meet ings  a r e  h e l d  
u n d e r   H e a d q u a r t e r s '   s p o n s o r s h i p .  One i s  t h e   C e n t e r   M a n a g e r s '  
Meet ing   where  w e  d i s c u s s  w i t h   t h e   c e n t e r   m a n a g e r s   ( t h e   t e c h n i c a l  
e x p e r t s )  what  t h e y   e x p e c t   t o   d o .  

P r o g r a m   r e v i e w s ,   o f   c o u r s e ,  t ake  place e v e r y   y e a r .   T e c h n o l o g y  
workshops   such  as t h i s   o n e  a r e  a u t h o r i t a t i v e   s o u r c e s ,  The SSTAC 
(Space, S c i e n c e   a n d   T e c h n o l o g y   A d v i s o r y   C o m m i t t e e )   m e e t i n g .   T h i s  
c o m m i t t e e   c o m p r i s e s  a g r o u p   o f   p e o p l e   f r o m   g o v e r n m e n t ,   i n d u s t r y  
a n d   u n i v e r s i t i e s ,  who h e l p   a d v i s e  u s  o n   t h e   d i r e c t i o n s   i n   w h i c h  
t h e  t e c h n o l o g y   s h o u l d   g o .  

We a l s o   h a v e   i n f o r m a l   m e e t i n g s ,  we s p o n s o r   t h e   I n t e r - a g e n c y  
Advance  Power  Group  (IAPG), we t a l k  t o   i n d u s t r i a l   c o n t r a c t o r s ,   a n d  
of c o u r s e   a t t e n d   p r o f e s s i o n a l   s o c i e t y   m e e t i n g s .  From t h i s  comes 
t h e  f o l l o w i n g   d o c u m e n t s .  

The f i r s t  is t h e   d i s c i p l i n e   l o n g - r a n g e   p l a n ,   w h i c h   g i v e s   t h e  
25 -yea r   ou t look .  T h e  n e x t  is t h e   s p a c e   r e s e a r c h   a n d   t e c h n o l o g y  
program and s p e c i f i c   o b j e c t i v e s .   T h o s e   o f  you i n  NASA r e f e r   t o  
t h i s  as t h e   f a m o u s  "Pacer" d o c u m e n t ,   w h i c h   g i v e s   t h e  f i v e - y e a r  
o b j e c t i v e s .  And t h e n  came t h e   r e s e a r c h   a n d   t e c h n o l o g y   o b j e c t i v e s  
a n d   p l a n s ,   w h e r e   t h e   c e n t e r s  s p e l l  o u t   t h e   t e c h n i c a l   m i l e s t o n e s  
f o r  t h e  n e x t   y e a r   o r   t w o   t o   h e l p   t h e m  meet t h o s e   f i v e - y e a r   p l a n s .  
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Figure 1-3 shows  the 25-year outlook. 

(Figure 1-3 ) 

In chemical  energy  storage and conversion  in  the year 2000 we 
are looking for something bigger than 3MJ/kg -- a  very  high energy 
density. 

The five-year plan  looks more  down to earth. 

(Figure 1-4) 

There  are  three major areas  of concentration: high-energy 
density batteries, high-capacity energy conversion and storage 
(primarily fuel cells), and  fundamental understanding of alkaline 
and metal gas battery. The milestones  are being met by the dif- 
ferent centers: JPL,  Lewis, Johnson and Goddard. 

The five-year outlook  also  depends  a great deal on the budget. 

Let me give you a  very brief overview of the  actual  technical 
programs  that we are engaged in. I shall not give you many de- 
tails, because the  technical experts  from NASA here  will do that. 

About  25%  of our program is directed toward understanding the 
fundamentals of batteries now in existence. That is, of course, 
nickel cadmium,  the good old workhorse of the space program. We 
have used nickel  cadmium  batteries,  we  are  continuing to use 
nickel cadmium  batteries, and we probably shall be using nickel 
cadmium  batteries in days  to come. 

However,  complete  fundamental understanding still  eludes  us, 
and this  is  where we are trying to help. One of  the  programs we 
are supporting is  that of understanding the failure mechanism. 
This  has been carried on for a number of years  here  at  Goddard, 
with some testing at Crane. The data  are being evaluated now in 
view of  different  helium models. Pat  McDermott,  who  is  working 
under NASA sponsorship  will talk about  his approach. We shall 
also hear a talk on  the  JPL  approach, which is sponsored by NASA. 

Another approach is  to  advance the design, and Lewis Research 
Center has been engaged  in that. They  want  to  demonstrate likely 
components,  fabrication and life. EIC has been involved as a con- 
tractor in that program. 

(Figure 1-5) 

The next  generation of batteries -- and we  shall talk about it 
during the next  three  days -- is nickel hydrogen. This will prob- 
ably be the mid-term outlook for new power sources  in space. 
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We have  a p r o g r a m   t h a t  is c a r r i e d  o u t  b y   t h e  L e w i s  R e s e a r c h  
C e n t e r   a n d ,   t o  some e x t e n t ,   h e r e  a t  G o d d a r d .   T h e   p r e s e n t   t e c h n o l -  
o g y   h a s   . b e e n   c a r r i e d   f o r w a r d   p r i m a r i l y   b y   t h e  Air F o r c e   u n t i l  now, 
and w e  are  g o i n g   t o  pick u p  a t  NASA a n d   a d a p t  it t o  NASA require-  
ments .  We h a v e   t o  scale  it u p  t o   b i g g e r   c a p a c i t y ,  and s h a l l   b e  
engaged   somewha t   i n   componen t   t echno logy .   Th i s  i s  t h e   k i n d   o f  
a p p l i c a t i o n   t h a t  we a r e   l o o k i n g   f o r   b o t h   i n   g e o s y n c h r o n o u s   o r b i t  
and i n   l o w - e a r t h   o r b i t .  

( F i g u r e  1 - 6 )  

A l t h o u g h   f u e l  c e l l s  a r e  n o t   r e a l l y   p a r t   o f   b a t t e r y   p r o g r a m s ,  I 
s h a l l   m e n t i o n   t h e m  because t h e y  a re  a l s o  a t r a d i t i o n a l  NASA way of  
c o n v e r t i n g   c h e m i c a l s   t o  e l e c t r i c a l  e n e r g y .  A new c o n c e p t ,  a t  
l e a s t  i n   t h e  p r a c t i c a l  s e n s e ,  i s  t h e   r e g e n e r a t i v e   f u e l  c e l l  p r o -  
gram. We a r e  e n g a g e d   i n   t w o   d i f f e r e n t   f u e l  c e l l  programs:   one  i s  
t h e  hydrogen-oxygen-alkaline; t he   o the r   one   t he   hydrogen-oxygen-  
a c i d   s o l i d   p o l y m e r   e l e c t r o l y t e .  

The s o l i d   p o l y m e r   e l e c t r o l y t e  is a G e n e r a l  E l e c t r i c  
i n v e n t i o n :  i t  uses a s u l f o n a t e d   t e f l o n   f l u o r o c a r b o n  as t h e  elec- 
t r o l y t e .  I t  is a n   e x c e l l e n t  idea t o  u s e  a f u e l  c e l l  a s  a re- 
c h a r g e a b l e   s y s t e m ,   s i n c e  water c a n   b e   e l e c t r o l y z e d :   t h e   i d e a   h a s  
been t o  u s e  t h e   f u e l  c e l l  t o   p r o v i d e   e l e c t r i c i t y   a n d   t h e n ,   d u r i n g  
t h e  time when t h e  c e l l  i s  on t h e   s u n n y   s i d e ,   t o   r e c h a r g e  i t  
by e l e c t r o l y z i n g  water. T h i s   p r o g r a m   h a s   b e e n   c a r r i e d   o n   f o r  some 
y e a r s  a t  J o h n s o n   S p a c e   f l i g h t   C e n t e r   a n d  L e w i s  R e s e a r c h   C e n t e r   i n  
C l e v e l a n d .  

So f a r ,  w e  a r e  a i m i n g  a t  m u l t i k i l o w a t t   l a r g e   s y s t e m s   f o r   l o w -  
e a r t h   a p p l i c a t i o n s .  I t  is p o s s i b l e   u n d e r   g i v e n   c o n d i t i o n s  -- we 
c a n  see t h a t   a l r e a d y  -- t o   g e t  1 0 0  w/kg .   Geosynchronous   miss ions  
seem t o  be be t t e r  t h a n   l o w - e a r t h   o r b i t   m i s s i o n s .  

We h a v e   f o u n d   o u t  s o  f a r   t h a t   D e d i c a t e d   c o m p o n e n t s  a r e  b e t t e r  
t h a n   u s i n g   t h e  same c e l l  f o r   b o t h   f u e l  c e l l  a n d   e l e c t r o l y t e .   I n  
o t h e r   w o r d s ,   y o u   h a v e  a f u e l  c e l l  p a r t  a n d   a n   e l e c t r o l y t e   p a r t   a n d  
you   swi t ch  back a n d   f o r t h .  

S y s t e m   d e s i g n  i s  a v e r y ,   v e r y   i m p o r t a n t   p a r t .   B r e a d b o a r d   d e -  
s i g n s  are  w i t h i n   t h e   f i v e - y e a r   p l a n .   T h e y  are  g o i n g   t o  come down 
a b o u t   t h r e e   y e a r s   f r o m  now. T r a d e o f f   s t u d i e s  are  b e i n g   c a r r i e d   o n  
a n d   l i g h t w e i g h t   c o m p o n e n t s  a r e  b e i n g   d e v e l o p e d .  

A l so ,   somewhere   a long   t . he   l i ne  w e  s h a l l   h a v e   t o   d e c i d e   w h i c h  
is t h e   b e t t e r   s y s t e m ,   t h e   a l k a l i n e   o r   t h e  SPE sys t em.  As o f   t h i s  
da t e  t h e y  a r e  b e i n g   d e v e l o p e d   s i m u l t a n e o u s l y .  

( F i g u r e  1-71 

Now l e t  u s  move t o   t h e   f a r   f u t u r e .  L i k e  eve rybody  e l se ,  we 
are  l o o k i n g  a t  t h e   a l k a l i n e   s y s t e m s .   I n  20 o r  30  y e a r s ,  we a re  
h o p i n g   t o   h a v e   l i t h i u m   o r   s o d i u m - b a s e d   s y s t e m s .  A t  p r e s e n t   t h e r e  
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are  two under development at JPL. One  is the lithium  ambient tem- 
perature  metal sulfide. We are  currently  looking at titanium dis- 
ulfide, but there  are  others  that  are  still  in the running. This 
system  is by no means  cast in bronze. The other one  is a low tem- 
perature (150 ) molten salt system. Again,  the  cathode is a sul- 
fide,  but  this  is not  cast  in bronze either. This is being in- 
vestigated at  Lewis  Research Center in Cleveland in  conjunction 
with EIC. 

At present we  are simply  looking for feasibility and funda- 
mental understanding. It  is a truly long-range technology based 
program, and of  course  this  is  what  we  are looking for in the far 
future. 

(Figure 1-8) 

For certain  missions,  such as planetary  probes,  NASA  is  also 
interested in primary  batteries for the first time in years. We 
are of course  looking for primary  batteries with very high energy 
density. Like everybody else, we are looking at the thionyl 
chloride  system, and also  the  sulfuric  chloride,  the  oxychloride 
systems in general. 

Again, because of  the very stringent  requirements on NASA bat- 
teries,  we  are  currently  looking for basic understanding: feasi- 
bility,  safety,  rate  capability and obtaining  relations  between 
component  physical  characteristics and performance should enable 
us  to rely on very high density energy batteries. 

This  program is also carried out  at JPL, and some of the 
people who are engaged in it will talk about it talk during  the 
next few days. 

So this is, in essence,  an  overview  of the battery programs 
sponsored by the Space  Research and Technology Program. 

(Figure  1-9) 

To leave  you  with  this  though, our program  is  structured in 
three different levels: High energy density  (200W h/kg), high 
capacity (100  kw for LEO, 25 kw for 9EO) fundamentals,  the  life 
and the understanding of these programs. 
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F i g u r e  1-1 

OFFICE  OF  AERONAUTICS 
AND SPACE  TECHNOLOGY . 

ASSOCIATE 

Figure  1-2 
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S E S S I O N  I1 

LITHIUM  PRIMARY  CELL  TECHNOLOGY 

C .  Mueller , C h a i r m a n  
Naval Surface Weapons C e n t e r  





Li/SO2 CELL FOR GALILEO 
L.  Blagdon,   Honeywell  

L. Marcoux ,   Hughes   A i rc ra f t  

I s h o u l d  l i k e  t o   p r e s e n t  some i n f o r m a t i o n   o n  spec ia l  p r o c e s s  
c o n t r o l s   f o r   l i t h i u m   s u l f u r   d i o x i d e   ( L i / S O 2 )   b a t t e r i e s ,   a n d  how 
t h o s e   c o n t r o l s   h a v e   a f f e c t e d   t w o   s p e c i f i c   p r o g r a m s   t h a t  w e  are  
c u r r e n t l y   w o r k i n g   o n .  

One of t h o s e  i s  t h e   G a l i l e o   P r o b e   p r o g r a m ,   t h e  prime c o n t r a c -  
t o r   b e i n g   H u g h e s   A i r c r a f t   C o r p o r a t i o n ,   S p a c e   a n d   C o m m u n i c a t i o n s  
Group; t h i s   p r o g r a m  is a NASA A m e s  program. 

The o t h e r   p r o g r a m   f o r   w h i c h  I s h o u l d   a l s o  l i k e  t o   p r e s e n t  some 
d a t a  is t h e   i n s t r u m e n t e d  test v e h i c l e   p r o g r a m   o u t   o f  U.S. Air  
F o r c e   S p a c e   D i v i s i o n ,   c o n t r a c t e d   t h r o u g h   t h e   S y s t e m s   D i v i s i o n   o f  
AVCO C o r p o r a t i o n .  

The l a s t  time w e  were h e r e  a t  t h i s   p r e s e n t a t i o n  we s a i d   t h a t  
h i g h   t o l e r a n c e s   o f  c e l l s  is i m p o r t a n t .  I t h i n k   t h e r e  a r e  enough 
d a t a  now t o  show t h a t   t h a t   r e a l l y  i s  t r u e .  

I s h o u l d  l i k e  t o  t a l k  a l i t t l e  a b o u t   t h e   g e n e r a l   d e s i g n   c o n -  
s i d e r a t i o n s   t h a t   g o   i n t o   a n y   a p p l i c a t i o n   f o r   b a s i c a l l y   a n y   t y p e   o f  
b a t t e r y   s y s t e m .   H o w e v e r ,   t h e r e  a r e  some u n i q u e   t r a d e o f f s   b e c a u s e  
of t h e   s a f e t y   c h a r a c t e r i s t i c s   o f   t h e  Li/SO2  system. 

I s h a l l   r e v i e w  some  of   the  spec ia l  p r o c e s s   c o n t r o l s   t h a t  w e  
u sed   on   t hese   two   p rograms .   The re  a r e  a l s o   d i f f e r e n c e s   c a u s e d  
p r i m a r i l y  by t h e   e n v i r o n m e n t s   o f   t h e   t w o   p r o g r a m s .  I s h a l l   t h e n  
d i s u c s s  some p a r t i c u l a r s  o f   d e s i g n   a n d  how t h e   n e e d   f o r   p r o c e s s  
c o n t r o l s   p l a y s   i n ,   a n d   f o l l o w   t h a t   w i t h  some d a t a   t h a t  show t h e  
a c t u a l  impac t  o t h o s e   p r o c e s s   c o n t r o l s .  

( T a b l e  2 - 1 )  

F i r s t ,  one  of  t h e  i n i t i a l   t h i n g s   t o  be done is  t h e   s e l e c t i o n  
of  t h e  c e l l  s i z e ;   t h i s  is d e t e r m i n e d  by t h e  r e q u i r e m e n t s   o f   t h e  
a p p l i c a t i o n .   T h i s  is  n o t h i n g  n e w ,   o f   c o u r s e ,   b u t  w e  do  have  some 
u n i q u e   c h a r a c t e r i s t i c s   a n d  m u s t  t a l k  a b o u t   t h e   c o u l o m b i c   r a t i o   o f  
o u r   c o m p o n e n t s   i n  terms o f   s a f e t y   a n d   a l s o   s i z i n g   o f   t h e  c e l l s  
a p p e a r s   t o   b e   r e d u c e d   t o   t h e  smallest  e q u i v a l e n t   p a c k a g e   t h a t  w e  
c a n  p u t  t o g e t h e r .  

A t  t h a t   p o i n t ,   t h e   c o m p o n e n t   t o l e r a n c e s   b u i l t   i n t o   t h e  c e l l  
become  more i m p o r t a n t ,   a n d   s t a n d a r d   m a n u f a c t u r i n g   t o l e r a n c e s   f o r  
u s e   i n   c o m m u n i c a t i o n s   d e v i c e s  may n o t   h a v e   t h e   r e q u i r e d   r e l i a b i l -  
i t y   o r   r e p e a t a b i l i t y   f o r  a G a l i l e o - t y p e   p r o g r a m .  
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( Table 2-2 ) 

So, I s h a l l   s p e n d  some time now t a l k i n g   a b o u t   t h e  ac tua l  p r o -  
cess c o n t r o l s   o r   v a r i a t i o n s   f r o m   s t a n d a r d   t h a t  we u s e d   o n   t h e s e  
two p a r t i c u l a r  p rograms  . 

F i r s t ,   t h e   t w o   p r o g r a m s  u s e  d i f f e r e n t  c e l l  s i z e s .  The G a l i l e o  
program uses a h i g h - r a t e d  D c e l l ;  e a r l y   d e v e l o p m e n t   o n   t h a t  c e l l  
a n d   t h e   G a l i l e o   b a t t e r y   m o d u l e  was d o n e   w i t h  a g r e a t   d e a l   o f  as- 
s i s t a n c e   f r o m   t h e   G e n e r a l  E l ec t r i c  C o r p o r a t i o n ,   t h e  RESD i n  
P h i l a d e l p h i a .   T h e  I T V  p rogram uses a h i g h - r a t e d  DD c e l l .  

B o t h   p r o g r a m s   b a s i c a l l y  u s e  a p o l e m i c a l l y   b a l a n c e d  c e l l  by 
d e s i g n .   T h e   G a l i l e o   p r o g r a m   r e q u i r e d   s e r i a l i z a t i o n   o f  c e l l s ,  and  
s o  w e  h a v e   i n d i v i d u a l   r e c o r d s   o n  a l l  t h e  ce l l s  i n   t h e   p r o g r a m .  
T h i s  i s  n o t   r e q u i r e d  by t h e  I T V  program.  

C a r b o n   c o l l e c t o r   w e i g h t s  are  s o r t e d   t o  a t o l e r a n c e   t h a t  is 
t i g h t e r   t h a n   n o r m a l ,  and   r eco rded  o n   t h e   G a l i l e o   p r o g r a m .   T h e y  
a r e  o n l y   s o r t e d   t o  a t o l e r a n c e   o n  t h e  I T V  program. 

Anode w e i g h t s  seem t o   b e   c r i t i c a l   f o r   s u l f o r   d i o x i d e   o r   c o l -  
o u m b i c a l l y   b a l a n c e d  c e l l  ha rdware  -- bo th   p rog rams   have  a t i g h t e r  
t h a n   n o r m a l   w e i g h t   s o r t .   B o t h   p r o g r a m s  u s e  a n o d e   c u r r e n t   c o l -  
l e c t o r s   b e c a u s e   t h e y   a r e   c o u l o m e t r i c a l l y   b a l a n c e d .   F i g u r e  2-1 
some o f   t h e   o t h e r s .  

( F i g u r e   2 - 1 )  

I f  w e  f i r s t   c o n s i d e r   t h e   t h e o r e t i c a l  c apac i t i e s  b u i l t   i n t o  a 
g i v e n  c e l l  s i z e ,   w h e t h e r  it is e s s e n t i a l l y   s u l f u r   d i o x i d e   l i m i t e d  
o r   l i t h i u m   l i m i t e d ,  we g e t  a c u r v e   w i t h   t h i s   g e n e r a l   t h e o r e t i c a l  
shape .   Then ,  by. p r o j e c t i n g  a n o m i n a l   f r o m   t h a t   f r o m   d a t a   c o l -  
l ec t ed  i n   d e s i g n s   o n  a l l  extremes, we f i n d   t h e r e  i s  -less u t i l i z a -  
t i o n   e f f i c i e n c y   o n   t h e   s u l f u r   d i o x i d e ,   p r i m a r i l y   c a u s e d   b y   t h e  
f a c t   t h a t   b o t h  mater ia l s   a re  d e p l e t i n g  a t  t h e  same time. T h i s  i s  
n o t   r e a l l y   s i g n i f i c a n t .  

( F i g u r e  2-2 )  

H o w e v e r ,   p r o b l e m s   a r i s e  when m a n u f a c t u r i n g   t o l e r a n c e s  a r e  ap- 
p l i e d .   I f   s u l f u r   d i o x i d e  l imi ted  c e l l  ha rdware  is u s e d ,   t y p i c a l  
f i l l   w e i g h t   t o l e r a n c e s   c a n   b e   c o n t r o l l e d   v e r y   t i g h t l y ,   a n d   n o r -  
m a l l y   g i v e  a v e r y   n i c e   t h e o r e t i c a l   c a p a c i t y   v a r i a t i o n   i n   t h e  
ce l l s .  

On t h e   o t h e r   h a n d ,   t h e   t h e o r e t i c a l   c a p a c i t y   v a r i a t i o n   f o r   t h e  
l i t h i u m   l i m i t e d   c o n f i g u r a t i o n s   b e g i n s   t o  b roaden  o u t  because o f  
m a n u f a c t u r i n g   t o l e r a n c e s   a n d   v a r i a t i o n s .  I n   f a c t  i t  c a n   r e a c h  

l o % ,  which is r e a l l y   n o t   a c c e p t a b l e   f o r  t h e   G a l i l e o  program.  
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Therefore  weight  sorting  is a requirement. 

(Figure 2-3 ) 

As an  example of how  that kind of information  manifests it- 
self in the ITV  program,  the lower line  in  this  graph  represents 
a  group  of high-rate DD cells  that  were coulombically balanced 
(Li: 5 0 2  = 1.O:l). The upper line  represents  a  group of cells 
that were essentially  a sulfur dioxide limited design (Li: SO2 = 
1.2:l). The  difference  in  performance on a nominal basis  is 
obvious,  as  is  the  difference in  the associated s,tandard 
deviations. There lower cells had standard tolerance  parts in 
them. 

For the ITV  program,  we retained the  coulombically balanced 
configuration,  primarily  because  the  discharge  current is about 3A 
at a lower discharge  current rate. However, we applied a tighter 
weight sort  tolerance on the lithium anode and have achieved re- 
sults similar to  the upper dot  at  the 3-A level. 

For a  program  with  a  very  low rate application, the coulombic 
balance effects  are not  as great. On  the other hand, for a pro- 
gram with very high rates, the problem  seems to expand itself. 

By the way,  I  might  mention that this  group  of  cells,  when 
driven into reverse, did vent. It  was therefore an  unacceptable 
combination for a  multicell  series  string  battery, and we did re- 
tain the coulombically-balanced cell. 

(Figure 2-4)  

I have one  graph  here  that  does  not necessarily address  this 
specific area. However,  last year a  great deal was talked about 
storage  capability and glass-to-metal seals,  on an  industrial 
basis. I think you will hear more information  on the reliability 
point of view: there has been some work done  with  the  processing 
of glass-to-metal seals, and some very good positive data  have 
been generated. High-rate D cells were stored in the inverted 
position at 160 F. Fifteen  cells  were pulled at each of  the dif- 
ferent time periods and tested: you  can  see the overall  result 
during a 16-week period. Glass-to-metal seals had not corroded 
through,  although  there  was  some  indication  of  a  reaction taking 
place on the glass  at  that point. However, it was  not  a  major, 
catastrophic characteristic. 

( Table 2-3 ) 

Table 2-3 compares  some  standards  with  representative  lots  of 
high-rate D cells, and shows their mean capacity and standard de- 
viations  through  a  Galileo high-rate cell,  which is essentially 
the  only  one  with tighter tolerances  on  the manufacturing. There 
is an effective  difference  in the  shift  of the  mean and the  small- 
er standard deviation. 
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The Gal i leo  bat tery  comprises   three  13-cel l  modules tha t   es -  
s e n t i a l l y  do nothing  for   three and a half   years.  A t  t he   po in t  of 
separa t ion ,  1 0 0  days  before  the  mission,  coast  time kicks on and 
a l s o  a backup G switch  operates .  

(Table 2-4 ) 

About f ive   o r  s i x  hours   before   the  mission,   several   th ings 
s t a r t   t o  happen. We simulate a f a i l u r e  mode t o  t h e  p o s s i b i l i t y  
t ha t   t he   t imer   f a i l ed  and t h a t   t h e  G switch was c a l l e d  upon t o  
operate .  You can  see  the  instrument  switch  on,   then  after  the 
f u l l  t r ansmi t t e r ,  f u l l  instrument  package comes on,  there is a 
s e r i e s  of fa i r ly   r igorous   pyro   pu lses .  Those cu r ren t s   a r e  on top 
of tha t   base l ine  9-A cur ren t .  

We have t h r e e   p a r a l l e l  modules pu t t ing   ou t  a f a i r l y   l a r g e   c u r -  
ren t ,   s ta r t ing   a round  -5   to  0 C ;  it is a n o n - t r i v i a l   t e s t   t o  sim- 
u l a t e   a l l   t h e s e  t h i n g s .  Therefore, we were extremely  pleased w i t h  
the  abi l i ty   demonstrated by our subcontractor i n  being  able   to  
perform t h i s  very  complicated  test .  

During  the  mission  the  three modules a r e   e s s e n t i a l l y ,  b u t  not 
en t i r e ly ,   i den t i ca l ,   because   ea r ly  i n  t he  game we pul led one mod- 
ule   out  and coast   t imer .  

( Table 2- 5 ) 

So du r ing   t ha t  1 0 0  days  the  coast   t imer module i s  undergoing a 
ra ther   b izar re   du ty   cyc le  of 1 . 2  mA baseload w i t h  a 2 7 . 5  mA pulse  
every and dedicated it  to   the   coas t   t imer  was because  our  discov- 
ery was i n  agreement w i t h  t h a t  of several   o ther   people:   that   the  
a b i l i t y  of l i t h i u m  su l fur   d ioxide   ce l l s   to   p roduce   h igh   ra tes  was 
impaired by prior  performance a t  low r a t e s .  I t h i n k  the  two t e s t  
r e s u l t s   a r e   i n t e r e s t i n g .  

(Figure 2-51 

The f i r s t   t e s t  i s  a control ,   involving  the  three  13-cel l  mod- 
ules.   Figure 2-5 shows only  the  actual  seven  hours of mission, 
w i t h  a scale  that   emphasizes  the  important 48  minutes  of  actual 
descent where the   t ransmi t te r  and science  packages  are  operating. 
I n  add i t ion   t o   t hose  4 8  minutes   the  tes t   cont inued  for   another  
f u l l  31 minutes  above  the 28 V requi red   to   opera te   the   var ious  
science  packages. T h u s  we have  about  1.75  mission i n  t h e   i d e a l  
case. 

(Figure 2-6 1 

Another t h i n g  we a re   i n t e re s t ed  i n  i s  the  redundancy, i n  t h a t  
each module c a r r i e s  an e x t r a   c e l l .  We were curious  about  the  ef-  
f e c t  on load  shar ing  e tc .   of  removing  one c e l l  from  one  of t he  
dedicated  descent  modules. We s t i l l  met the  mission  handsomely, 
and, i n  f a c t ,   c a r r i e d  on for  18 more minutes. 
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The rea l  way t h a t   f a i l u r e   m a n i f e s t s   i t s e l f  is t h a t   r a t h e r   t h a n  
s h a r i n g   e q u a l l y ,   o n e  s teps  i n  a f t e r  t h e   o t h e r   b e c a u s e   o f  a v o l t a g e  
d i f f e r e n c e .  You c a n  see modules  1 and 2 c a r r y i n g   t h e i r   s h a r e  of 
t h e   l o a d .   T h e n ,  a s  t h e i r   v o l t a g e   d r o p s ,   t h e   m o d u l e   t h a t   h a s   t h e  
f a i l e d  ce l l  k i c k s  i n .  

T h i s  r e a l l y  means t h a t   i n   t h e   f a i l u r e  mode, one  module c a r r i e s  
enormous c u r r e n t s ,   u p  t o  7 or 8 A ,  which is a g r e a t   d e a l  t o  a s k .  
H o w e v e r ,   t h e s e   d i d  s o  q u i t e   s u c c e s s f u l l y   a n d   c o n t i n u e d   1 8   m i n u t e s  
b e y o n e d   t h e   m i s s i o n .  

To e m p h a s i z e   q u a l i t y   c o n t r o l   a n d   m a n u f a c t u r i n g   t o l e r a n c e s :  

( T a b l e  2-6 ) 

T h e s e  capaci t ies  are  n o t   r e a l l y  c r i t i c a l .  The two c u r v e s  I 
showed a re  c r i t i c a l  b e c a u s e  w e  a re  i n t e r e s t e d   i n   t h e   a m o u n t  of 
time above  28 V a t  load.   However ,  I t h i n k   t h e   f a s c i n a t i n g   d a t a  
h e r e  a re  the   Module  1 and  Module 2 c a p a c i t i e s   a n d   t h e   c o n t r o l ,  
where  you see t h e r e  a re  two d i f f e r e n t   m o d u l e s   s e p a r a t e d   b y   o n l y  
0 . 0 6  Ah which i s  a r e m a r k a b l e   c o n t r o l .   T h e s e  c e l l s  are  e s s e n t i a l -  
l y   i d e n t i c a l ,   a n d   p l a y  as a b a t t e r y   r a t h e r  wel l .  

I t h i n k ,   i n   c l o s i n g ,  I s h o u l d   s a y   t h a t  we h a v e   t h r e e   y e a r s  t o  
l a u n c h ,   a n d   u n d o u b t e d l y  we s h a l l   h a v e  some c r i s e s   a n d   c a t a s t r o -  
phes.   However,  a t  p r e s e n t  we a r e  q u ' i t e  p l e a s e d   w i t h   t h e  way 
t h i n g s   s t a n d .  

DISCUSSION 

How t i g h t l y  a r e  y o u   c o n t r o l l i n g   t h e   c a r b o n   l o a d i n g   o f   t h e  
c a t h o d e   r e a c t o r s '   m a t r i x ?   I n   a d d i t i o n   t o   t h a t ,  how i m p o r t a n t  i s  
t h i s   l o a d i n g  t o  s a f e t y ,   a n d  how d o e s   e f f i c i e n c y   v a r y   w i t h   t h a t  
l o a d i n g ?  

BLAGDON: On t h e   G a l i l e o   p r o g r a m ,  we had a c a r b o n   w e i g h t   c o n -  
t r o l ,   1 3 . 2   - 1 4 . 5  g t o t a l   w e i g h t   t o l e r a n c e   t h a t  we allow. 

T h e   e f f i c i e n c y   d e p e n d s   o n   t h e   a p p l i c a t i o n .   T h e   G a l i l e o   a p -  
p l i c a t i o n  is e s s e n t i a l l y  a t  0 or   -10  C ,  and so it is  n o t   a n   e x -  
t r e m e l y   c o l d   a p p l i c a t i o n .  

I f   y o u   l o o k  a t  t h e  ampere hour  capac i t i e s ,  w e  h a v e   n o t   f o u n d  
them t o  p l a y  a s i g n i f i c a n t  r o l e  a t  t h o s e   t e m p e r a t u r e s .  A t  lower  
t e m p e r a t u r e s ,   s u c h  as -20  C ,  i t  b e g i n s  t o  be more s i g n i f i c a n t .  

We h a v e   n o t   f o u n d  a r e a l  p o s i t i v e   c o r r e l a t i o n  t o  c a t h o d e  
w e i g h t ,   o r   c a r b o n   c o l l e c t o r   w e i g h t ,   a n d   d i s c h a r g e   p e r f o r m a n c e  a t  
t h e   z e r o .  

SCUILLA: Did  you f i n d   a n y   r e l a t i o n  as  f a r  as t h e   s a f e t y  of 
t h e  c e l l  w i t h   t h e   c a r b o n   l o a d i n g ?  
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BLAGDON: No. 

CLOYD: Cou ld   you   g ive  u s  a n   i d e a  of t h e   c u r r e n t   d e n s i t y   o n  
t h a t  6 A 'on a DD? 

BLAGDON: No, I do n o t  know it  r i g h t  off t h e   t o p  of my head .  

T h a t  c e l l  i n   t h e  l a t e s t  d e s i g n   c o n f i g u r a t i o n  is g e t t i n g  j u s t  a 
l i t t l e  q v e r  1 9  Ah a t  a 3 A d i s c h a r g e  r a t e ,  which  i s  a b o u t  
2 mA/cm , 3 A. 
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SPECIAL  CELL PROCESS CONTROLS 

DESIGN  ELEMENT GALILEO 
PROGRAMS 

I TV 

CELL   S IZE  
L I T H I U M  TO SO2 DESIGN  RATIO 
SERIALIZED  CELLS 
CARBON COLLECTOR WT: 

SORT 
RECORD 

ANODE WE!GHT: 
SORT 
RECORD 

ANODE CURRENT COLLECTOR 
ELECTROLYTE  WEIGHT: 

SORT 
RECORD 

SINGLE LOT RAW PATERIALS 
DOCUMENTATION CONTROL 

6 3 1 0 9  HR "D" 6 3 0 3 3  HR "DD" 
1:l 1:l 
YES NO 

GENERAL CELL  DESIGN  CONSIDERATIONS 

CELL  DESIGN  ELEMENT  BATTERY  DESIGN  REQUIREMENTS 

C E L L   S I Z E  RUN T I M E  
DISCHARGE  RATE 
R E L I A B I L I T Y  (MARGIN) 
WEIGHT a VOLUME 
ENVIRONMENTS 

TIGHT TOLERANCE  STD.  TOLERAICE 
YES NO 

TIGHT TOLERANCE TIGHT TOLERANCE 
YES NO 

DIAG.  LEAD  GRID 
L I T H I U M  TO SO2 DESIGN  RATIO 

COMPONENT TOLERANCES 

SAFETY 
DISCHARGE  RATE STD.  TOLERANCE  STD. TOLERANCE 

YES NO 
CARBON BLACK NONE 
CELL MCD 
(PRINTS K PROCESSES) 
STD. TOLERANCE 
(100% SORT) 

STD. TOLERANCE 
SAEIPLE 

CELL PROD SPEC. 

R E L I A B I L I T Y  (MARGIN) 
REPEATABIL ITY 
ENVIRONMENTS 
DISCHAR6E  RATE 
LOAD  SHARING 

GTM SEAL  LEAK  RATE 

VENT  BURST PRESSURE 

PROCESS TRAVELERS 

TIGHT TOLERANCE STD.  TOLERANCE 
(100% SORT) SNIPLE 
SPECIAL STANDARD 

T a b l e  2-1 T a b l e  2-2  

GALILEO  PROBE  DESCENT  LOAO  PROFILE 
IMPACT OF SPECIAL PROCESS CONTROLS ON CAPACITY 

CURRENT.  A 
BATTERY 

START  TIME EVENT OURATION 

1.100 DAYS 
T.10 SEC 
T - 0.0 
T tlO.0 SEC 
T + 5.53 HR 

T + 6.24 HR 
T + 6.25 HR 

T + 6.32 HR 
T + 6.40 HR 
T + 6.48 HR 
T + 6.56 HR 
T + 6.64 HR 
T + 6.12 HR 
T + 6.80 HR 
T + 6.88 HR 
T + 6.96 HR 
T + 7.M HR 
T + 1.07 HR 

TYPICAL STD. HR "D" (') GALILEO HR "D" (l)  
(AMP-HRS)  (AMP-HAS) 

COAST 
VARIOUS  CONOlTlONlNG LOAOS 

PRE.ENTRV  LOAO 
COAST TIMER  FAILURE  LOAO 

ATMOSPHERICSTRUCTURE 
INSTRUMENT  LOAD 
PYROPULSE 1 

100 DAYS 
lOSEC 
lOSEC 

5.52 HR 
0.12 HR 

30 MS 
0.82 HR 

0.35 
l.u 

1.52 

9.63 
1.35 

1.35 
7.35 
7.35 
4.20 
4.20 
4.20 
4.20 
4.20 

4.20 
4.20 

LOT  A __ LOT  B - - LOT 2 

TRANSMITTER A N 0  SCIENCE 
PACKAGE LOAO 

PYRO PULSE 3 
PYRO PULSE 2 

PYRO PULSE 4 

REAN 7.66 7.63 8.00 
30 MS 
30 MS 
30 MS 
30 MS 
30 MS 
30 MS 
30 MS 
30 MS 
30 MS 
30 MS 

STD. DEVIATION -25 - 2 9  -17 

(1) 2 AAP  DISCHARGE  AT ROOF1 TEMPERATURE PYRO PULSE IO 

END OF MISSION (0.1 BAR + 4a MINI 
PYROPULSE 11 

I -  

T a b l e  2-3 T a b l e  2-4 
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GALILEO  PROBE 100 DAY  COAST  LOAD 
GALILEO  PROBE  SIMULATED 

BATTERY  TEST  CAPACITY 

I I MODULE 
NUMBER  OF  CELLS 

NUMBER 
COAST LOAD I 

I I 1 

1 2  1 1 3  I 
I I I 

I I l3 

3 1.2 mA CONSTANT DRAIN WITH 
27.5 mA PULSE  FOR 20 MSEC 
EVERY  256 SEC 

*FAILURE MODE 

TEST 2 - TEST 3 MISSION 1 UNIT I FAILURE MODE  CAPACITY, REQUIREMENT 
CAPACITY,  A-HR 1 A-HR I CAPACITY,  A-HR 

I I I 

BATTERY 21.6  22.48  21.08 

I MODULE 1 I 5.13 I 7.51 1 7.2 I 
I MODULE 2 I 8.00 I 7.45 I 7.2 I 
I MODULE3 I 8.20 I 7.87 I 7.2 I 

Table 2-5 
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DISCHARGE  EFFICIENCY VS STANDARD RANUFACTURIIG TOLFRANCES 

DISCHARGE  EFFICIENCY VS LI/SOz DESIGN  RATIO 

110 t , r /  THEO?,ETILAL IlOl<lilAL 

//.""" -i PROJECTEG IiCI'I1I:L 

Figure  2-1 Figure  2-2 

F i g u r e  2-3 
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GALILEO  PROBE  SIMULATED 
BATTERY  TEST 3 (CONTROL) 

I l 

t 

BATTERY  TEST 2 (FAILURE  MOOE) 
GALILEO  PROBE  SIMULATED 

F i g u r e  2-5 

2 2  

F i g u r e  2-6 



PERFORMANCE AND SAFETY CHARACTERISTICS OF 
Li /BCX and L i / C S C  SYSTEMS 

R. Murphy 
Electrochem  Industries 

I should  l ike  to  talk  about  the  performance and safe ty   char -  
a c t e r i s t i c s  of t h e  l i t h i u m  BCX and l i t h i u m  CSC battery  systems  as 
developed a t  Electrochem  Industries.  

F i r s t ,  I sha l l   t a lk   abou t   t he  BCX system. 

I t  has a h i g h  open c i r c u i t   v o l t a g e  of 3.9V, energy  density of 
about 1Wh/cm3, and an operating  temperature of -40  t o  72 C.  

Most of t he   t a lk  on the  BCX w i l l  be concerned w i t h  sa fe ty ,   bu t  
next is a typical   d ischarge  curve  for  7 2  t o  - 4 0  C a t   l oads   r ang ing  
from  one ohm to  approximately 1 0  ohms. 

(Figure  3-1) 

The discharge  curves   are   for  D c e l l s  and represent   typ ica l  
values  for  the D c e l l s .  

(Figure  3-2) 

Safety is of  the  utmost  importance: t h i s  s l i d e  shows D c e l l s  
forced   d i scharge   a t  5A and 1 A.  Note the  temperature  increases  at  
5 A t o  about  125 C ,  and a t  1 amp t o   s l i g h t l y   l e s s ,   e s p e c i a l l y  
s ince   bo th   ce l l s  go in to   r eve r se  and the  temperature  increases 
ve ry   d ra s t i ca l ly .  However, a f t e r   r e v e r s a l  and a t  equ i l ib r ium  ce l l  
vo l tages   equi l ibra te   ou t   a long  w i t h  the  temperatures. 

I t  has been reported i n  t h e   l i t e r a t u r e  by Dr. Day, t h a t  such 
c e l l s   a s   t h e s e  become percuss ion   sens i t ive .  A s  a r e su l t ,   t he   pa r -  
t i c u l a r   c e l l   a t   t h e  5 A r a t e  was taken  out and shot   three  t imes 
w i t h  a shotgun;  there were no hazards  or  explosions, and not even 
a venting. 

(Figure  3-3) 

The n e x t   c e l l  i s  a C ce l l ,   f o rce   d i scha rged   a t  0 . 5  A.  Again, 
it lasts  for  about  seven  hours and the  temperature   increases   to  
about 30 C and then   s teadies   ou t .  

O f  p a r t i c u l a r   i n t e r e s t   t o  many people would be t h e   e f f e c t  on 
the   s a fe ty   a spec t s  of a s e r i e s  of c e l l s   g o i n g   i n t o   r e v e r s a l .  

(Figure 3-4) 

Figure 3-4 shows a s e r i e s  of  seven C c e l l s   f o r c e   d i s c h a r g e d   a t  
3 A ;  t he   ce l l   vo l t age  w i l l  increase by about 20V, and a f t e r  30 
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We have a l s o   t r i e d   t h e  same s t r i n g  of C c e l l s  w i t h  t h e  f i r s t  
ce l l   be ing  a fu l ly   . d i scha rged   ce l l .  

(Figure  3-5) 

The temperature on Figure 3-5 p l o t  i s  the  temperature of t h a t  
f u l l y  d i scharged   ce l l ,  which is being  forced  at   approximately 
3 A. Again the   ce l l   vo l t age  w i l l  increase   to   about  -0.8V. The 
temperature   s teadies   out   a t   about  30 C.  T h i s  is for  a time of 
about 20 hours. 

(Figure  3-6) 

Figure 3-6 shows the   vo l tage  and temperature of a D c e l l   f o r c e  
discharged  a t  1 A ,  and subsequently  charged a t  1 A.  Note t h a t   a s  
t he   ce l l   goes   i n to   r eve r sa l ,   t he re  i s  again a temperature   r ise .  
After  approximately  18  hours,  the  cell is charged a t  1 A ;  approxi- 
mately 6 hour s   l a t e r   t he   vo l t age   beg ins   t o   f l uc tua te   d ra s t i ca l ly .  

We have  simulated t h i s  by u s i n g  a reference  e lectrode i n  one 
of t h e   c e l l s  and it  appears   that   the   reason is dendri te   formation 
i n  t h e  c e l l .  The ce l l   vo l t age  w i l l  increase  to   approximately 
4 .03  V and s t e a d y   o u t   a t  3.85 V. Again, t h e r e  is no problem. 

(Figure 3-7 ) 

Figure 3-7 shows the   typ ica l   shor t -c i rcu i t   t empera ture   curves  
fo r  a C and a D c e l l .  The D c e l l s   s h o r t   c i r c u i t   a t   a p p r o x i m a t e l y  
18 A ,  and the  C c e l l s   a t   a b o u t -  1 4  A. A s  you would expec t ,   the  
temperature  increase is rap id ,  b u t  then  steadies  out  to  ambient 
temperature. 

Secondly, I should  l ike  to   ta lk   about   the l i t h i u m  C S C  system 
(ch lor ine  and s u l f u r y l   c h l o r i d e ) ,  which has a high-volt  conserva- 
t i ve   vo l t age ,  a ain  about  3.93 V. The energy  densi ty  is approxi- 
mately 1 W h/cm s , operating  temperature  range is  about -30 t o  
150 C s l i gh t ly   h ighe r .  The energy  density,  of course,  is depend- 
en t  upon t h e  r a t e .  

Typical D cel l   d ischarge  curves   are   given i n  Figure 3-8. 

(Figure 3-8) 

These c e l l s  were d ischarged   a t  1-150 ohm loads.  Note a t   t h e  
one-ohm load;  approximately 3 . 1  A yields  about 1 2 . 3  A h .  These 
represent  a very  narrow  capacity band and range i n  e f f i c i ency ,  
based on su l fu ry l   ch lo r ide  and ch lo r ine ,  of  approximately 80-95%. 
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The low t e m p e r a t u r e   d i s c h a r g e   c u r v e s  a t  -32 C for  3 ohms  and 5 
ohms a re  shown i n   F i g u r e  3-9. 

( F i g u r e   3 - 9 )  

A t  t h e  1 A ,  or 900 mA, r a t e  t h e  c e l l s  r e c e i v e   a b o u t   1 0  A h ,  
and a t  600  mA it r e c e i v e s ,   a p p r o x i m a t e l y   1 2 . 3  A h. 

. ( F i g u r e   3 - 1 0 )  

T h e s e  c e l l s  h a v e  a l so  b e e n   d i s c h a r g e d  a t  76 C ,  a n d   h i g h e r .  
They   have   been   d i scha rged  a t  3 , 5   a n d  20  ohms: T h i s   y i e l d e d  
12.8-14.3 A h f o r   t h e   v a r i o u s   l o a d s .  

These  c e l l s  h a v e   b e e n   d i s c h a r g e d  a t  3, 5 ,   1 0 ,  20 and  40  ohms, 
y i e l d i n g   a p p r o x i m a t e l y   1 0 . 5  Ah f o r   t h e  3-ohm l o a d ;   t h i s   r e p r e s e n t s  
a p p r o x i m a t e l y   9 2 %   e f f i c i e n c y   b a s e d   o n   b o t h   t h e   c h l o r i n e   a n d   s u l -  
f u r y l   c h l o r i d e   i n   t h e   b a t t e r y .   T h e s e  capac i t ies  a re  t o  a 2 C c u t -  
o f f .  

The s a f e t y   c h a r a c t e r i s t i c s   f o r   t h i s   b a t t e r y   s y s t e m ,   t h e  C S C ,  
is s u c h   t h a t   t h e   b a t t e r i e s   c a n   b e   i n c i n e r a t e d   w i t h o u t   e x p l o s i o n .  
The s h o r t  c i r c u i t  is t y p i c a l .   R e s u l t s   o f  a s h o r t - c i r c u i t  t e s t  
w o u l d   b e   l o s s   o f   c o n t a c t   t h r o u g h   t h e   l e a d   b e i n g   d i s i n t e g r a t e d .  
Again ,  we f o r c e   d i s c h a r g e d   a n d   c h a r g e d   t h e  ce l l s .  

( F i g u r e   3 - 1 2 )  

T h i s   o n e  i s  f o r  a 1 A c h a r g e ,   f o r c e   d i s c h a r g e d ,   a n d   t h e n  
c h a r g e d   f o r   a p p r o x i m a t e l y  24 hour s .   The  temperatures i s  shown  by 
t h e   d o t t e d   l i n e ,   a n d  i t  m a i n t a i n s  a t  abou t   42  C a t  1 A  c h a r g e .  
A f t e r  a w h i l e  we became   impa t i en t   and   cha rged  it a t  1 0  A ,  and it 
v e n t e d   a f t e r   a b o u t  4 m i n u t e s .  

We h a v e   r e c e n t l y   b e g u n   t o   f o r c e   d i s c h a r g e   t h e s e  c e l l s  a t  
r a t h e r   h i g h  r a t e s  o f  3 A .  

( F i g u r e   3 - 1 3 )  

The i n i t i a l   p o l a r i z a t i o n  i s  e x a g g e r a t e d .   F o r   e x a m p l e ,   a f t e r  
two m i n u t e s   t h e  c e l l  v o l t a g e   r e a d i n g   w o u l d   b e   a b o u t   2 . 9 5  V,  and 
a f t e r  a b o u t   4 . 3 5   h o u r s  a t  t h e  3A r a t e  t h e  c e l l  w i l l  g o   i n t o   r e v e r -  
s a l  and   remain  a t  e q u i l i b r i u m ,   s l i g h t l y   b e l o w   z e r o .  A t y p i c a l  
va lue   wou ld   be  -0.45V. 
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D I S C U S S I O N  

BRO: D o  y o u   h a v e   a n y   s t o r a g e  da ta  o n   t h e s e ?  

MURPHY: Yes. I h a v e   b o t h   d a t a   a f t e r   o n   y e a r   a n d  d a t a  a f t e r  
s t o r a g e  a t  74 C.  A t  t h e   e n d   o f ,   s a y ,  30  d a y s  a t  7 f o r  a D c e l l ,  
I see n o   l o s s   i n   c a p a c i t y .   T h e  r a t e  c a p a b i l i t y  is somewhat  hind- 
e r e d .   F o r   e x a m p l e ,  a t  3 ohm l o a d   t h e   c a p a c i t y   f o r   o n e   o f   t h o s e  
c e l l s  s t o r e d  a t  74 C i s  a b o u t  1 4  A h.  However, t h e   l o a d   v o l t a g e  
is a b o u t  3.0V v e r s u s  3.2-3.3V f o r  a f a i r l y   f r e s h  c e l l .  

I n   a n y   o f  t h e  tests,  e v e n  a f t e r  o n e   y e a r   s t o r a g e  a t  a m b i e n t  
t e m p e r a t u r e ,   c a s u a l   s t o r a g e ,  we a l w a y s   f i n d   t h a t   t h e r e  is v e r y  
l i t t l e  o r   n o   l o s s   i n   c a p a c i t y ,  b u t  a i o s s  i n  r a t e  c a p a b i l i t y .  

GALASSIE:  A t  t h a t   o n e  c e l l ,  you  had a v o l t a g e   f l u c t u a t i o n  d u e  
t o   d e n d r i t e   f o r m a t i o n s ?  

MURPHY: Yes. 

G A L A S S I E :  Then t h e   v o l t a g e s   i n c r e a s e d   a n d   l e v e l e d   o u t ?  What 
h a p p e n e d   t o   t h e   d e n d r i t e s ?  Were they   bu rned   away ,   b roken?  

MURPHY: They  burned  away  and  then  reformed.  I t h i n k   t h a t  i s  
t h e  n e a r   o r   f o r   t h e   v o l t a g e   f l u c t u a t i o n .  You g a v e   t h e   f i g u r e   f o r  
t h e   v o l u m e t r i c   e n e r g y   d e n s i t y   o f  t h e  CSC s y s t e m .  Do you  have   one  
f o r   t h e   g r a v i m e t r i c   e n e r g y   d e n s i t y ?  

MURPHY: I t  i s  approx ima te ly   400  w h / k g   f o r  a 1 ohm d i s c h a r g e  
f o r  a D c e l l ,  and 600  w h / k g   f o r  a lesser r a t e ,  s a y  20 ohms. 

MUELLER: You a l s o   g a v e  some da t a  h e r e   o n   y o u r   s h o r t - c i r c u i t  
i n c i n e r a t i o n .  Did you  do  any  of  t h i s   a f t e r   s h o c k   v i b r a t i o n   t o  see 
i f   t h e r e  was a n y   e f f e c t   o f   s h o c k  v i b r a t i o n   o n   t h e ' s y s t e m  a t  a l l ?  

MURPHY: N o t   f o r   t h e  CSC.  
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THERMAL  MODELING OF LITHIUM SYSTEMS 
K. Kim 

Honeywell 

Honeywell has  been  engaged in research and development of  the 
high rate lithium  batteries for a number of years. In  an  effort 
to  resolve  safety  problems,  we  have  conducted  thermal  remodeling 
studies and calorimetric studies. I would like to talk about  the 
heat generation  during  cell  discharge and its  distribution, and 
the effects  of casing materials,  thickness of current  collectors, 
discharge  environments, and entropies. In addition, we have  also 
carried out  calorimetric  experiments to quantify the heat  during 
cell discharge. 

Why should we  do  all this? We have  only  one  reason  that  is to 
provide the necessary heat transfer requirements for high rate 
lithium bipolar-battery design. For this  modeling,  we  have made 
an  assumption, that is, all the cell  components should stay un- 
changed through the  discharge  operation period. Even  though  this 
assumption is far from the reality, it is  indispensible  due  to the 
lack of  knowledge of cell  discharge  mechanisms and due  to the com- 
plication of differential equations. Utilizing thermodynamic re- 
lations,  the  internal heat is  derived in equation 1. 

Pint = I [(E - EL) - T (aE/aT)p]t 
In  this  equation,  the  heat  is considered to be from both overpo- 
tential and entropic  contributi ns.  For this  study,  the  current 
density is taken  to be  l!50mA/cmq which is considered about the 
higher limit  of  discharge rate. Since the (BE/aT) value  is  not 
available for acidic  electrolyte,  we utilized the sata from neu- 
tral electrolytes. One of Honeywell  batteries  happens to be cir- 
cular-cylindrical (Fig. 2) with dimensions as shown  in  the cm 
unit. The  cell  is  longitudinally located between insulators and 
metal supports. 

The  initial  temperature  of  this  battery  is 71 C (160 F) and 
the axial  environment  is  taken as 25 C. The radial environment is 
taken as either forced  convective air at 71 C or forced convective 
water at 0 C. 

The 20-bipolar cell battery is hypothetically  divided  into 500 
pieces for modeling (Fig. 2 ) ,  in which heat transfer is considered 
in radial and axial  directions only. One of the  typical volume- 
elements is represented as (i,j), and the temperature-rise at this 
volume-element depends  on radial and axial  heat  flows and its  own 
heat generation. This is mathematically described in 
equation 2. 
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The aT/at, namely  the  temperature  change at the volume-element 
during an infi.nitesima1 period is a function  of  heat  capacity, 
radial and axial  heat  transmissions, and electrochemical and chem- 
ical reaction heats. The chemical  reaction  heat is  not considered 
for this  study  due  to lack of information on it. The differential 
equation is solved for steady-state and  the transient-flow tech- 
nique is applied to realize  the unsteady-state heat transmission. 
Calculation was carried out with  Honeywell  Multics  Level 68 Com- 
puter. 

As a typical  result,  Table 1 shows  heat  distribution and 
temperature-rise for different  casing  materials for the same radi- 
al environments  of 71 C. The  discharge  heats for both casings  are 
approximately 200  kcal, however, the temperature-rise  at the 
center are  189 C for the  teflon  casing and 99 C for the metal cas- 
ing. The  temperature  profile in case of  teflon casing is plotted 
as a function  of  radial and axial  distances  from  the center (Fig. 
3). When  (aE, 3T ) = -0.70 mV/ K, the AT value at the center is 
approximately 280  while  the T is only  about  110 C if  (dE/BT 
)p = 1.03  mV/ K. It is noticed that the  temperature  gradient is 
rapid through the  teflon casing. In Fig. 4 ,  the  temperature pro- 
file for the metal casing is plotted. In this  case, the T values 
are lower than  those  of  teflon  casing  and  the  skin  temperature  is 
higher than that of teflon casing. This implies that more heat 
should be lost through the metal casing  into  the environment. 
Also  different AT'S are observed depending on (aE/BT )p values. 

When the battery is discharged  against the 0 C environment of 
forced  convective  water,  the  radial  temperature  profiles  with 
( i?~s/aT')~ = -0.7 mV/ K are presented in Fig. 5, in which rhom- 
buses and circles  represent  the  teflon and metal  casings, respec- 
tively. The thiner the current  collector  is, the higher the 
temperature-rise is obtained in this  simulation study. This is 
because the current collector plays  an important role both as heat 
sink and as  heat conductor. 

The central temperature-rise is  plotted as a function  of dis- 
charge time for metal casing in Fig. 6, in which the discharge 
against 71 C environment  is plotted with  circles for comparison. 
When the discharge  starts  against 0 C water environment,  an ini- 
tial temperature  surge  is  obstained  followed by a gradual cooling 
due  to the conduction  to the low  temperature environment. A 
steady state is observed after about 8 minutes of discharge. 
Here,  we can see the effect of (BE/BT I p  again. In case of 
(aE/BT I p  = 1.03  mV/ K, the central temperature  drops below ini- 
tial temperature. As  we  have seen,  the entropic  contribution  is 
very important for the calculation of temperature  change during 
discharge. If the  discharge  reactions  are  known,  it  is  possible 
to estimate the (BE/aT I p  value using a thermodynamic relation. 
The  possible  electrochemlcal  reactions  are  shown in equation 3 .  
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4 Li + 2 SOC12”--,4 Li C1 + So2 + S AH 
8 Li + 3 SOC12-6 Li C1 + Li2So3 + 2S-90.8 

Average AHr-90.5  kcal/mol 

Either or both of these reactions may be predominant, depend- 
ing on discharge conditions. 

The thermodynamic  relation  is . .  

T( aE/a.T)p = E + AHi/nF, 
. .  

where T 298K,  E = 3.60V (measured), H,, AHr = -90.5 
kcal/mol), n = 1 and F = 96490. Then (SE/aTjp = 1.09 mV]K. 

Either or both of these reactions may be predominant  depending  on 
discharge conditions. .The estimation  of  enthalpies of’reactions 
leads  to -1.09  mV/ K of ( a E / B T  ) p  value. since some uncertain-’ 
ties may be introduced to  this kind of  estimation,  however,  we 
carried out  the dis harge experiments on a  small Li/SOC1.2 labor- 
atory cell  with 3cm5 of electrode  area using. our home-made calo- 
rimeter (Table 2). Discharges  at the rates  of  5 and 10 mA/cm2 
were conducted at  3  hours  of  cell  activation  with  a  neutral elec- 
trolyte and total  discharge  heats were directly measured using 
the calorimeter. The  heats  from  overpotential  were calculated 
from open-circuit potentials and discharge potentials. “Heats 
from other sources” are taken  from  the  differences between total 
heats and overpotential  heats and are assumed all from entropic 
contribution  to  derive (aE/aT ) 1.01 + 0.06  mV/ K. This hap- 
pens to be in good agreement  wifh=the estimated value inspite of 
the assumptions. 

Table 3 shows  comprisons between neutral and acidic  electro- 
lytes with regards to activation  heats and overpotential heats. 
The  activation  was initiated by introducing the  electrolyte into 
the dry cell components and the activation-reaction heat lasted 
for several hours. Due to large  amounts  of  heats over a long per- 
iod,  accurate  activation  heats  are  not  available  at  this time. 
However,  the  approximate  values  will  give  an idea how  significant 
the activation  heat is compared with discharge heats. This fact 
implies that the activation  process may be one  of  the  most  serious 
safety-hazard processes. For the meutral electrolyte under condi- 
tions  shown,  overpotential  heat  is  about  a half of  the  total dis- 
charge  heat  while, for acidic  electrolyte, the overpotential heat 
is  the major portion of the  total heat. 

I wish to  express my appreciation  to Professor R. Lovrien for 
his  help  in  calorimetric instrumentation. 
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DISCUSSION 

D I  MASI:  D i d   y o u   c o n s i d e r   d i s s i p a t i o n   o f   h e a t  t o  t h e   s u r -  
r o u n d i n g s ?  

K I M :  Yes. 

D I  MASI:  Were t h e y   i n c l u d e d ?  

K I M :  Yes. A s  a f u n c t i o n   o f  time, t h e   h e a t  is c o n d u c t e d   t o  
t h e   o u t s i d e .  

D I  MASI:  Was t h a t   c o n s i d e r e d   i n   y o u r   e q u a t i o n ?  I though t   you  
s o l v e d  it f o r  a s t e a d y  s t a t e?  

K I M :  Yes. The   envi ronment  i s  c o n s t a n t ,  less t h e   e n v i r o n m e n t  
o f   t h e   s y s t e m .  

D I  MASI:  The   r eason  I ask t h a t  i s  because u s u a l l y   t h e r e  i s  
n o t  a c o n s t a n t   l o s s   o f   h e a t   t o   t h e   s u r r o u n d i n g s .  

K I M :  T h a t  i s  c o r r e c t .  

D I  M A S I :  T h a t  i s  why I am a l i t t l e  u n s u r e  as t o  what   you d i d ,  
whe the r   you   cons ide red  j u s t  s t e a d y  s t a t e ,  o r   u n s t e a d y  s t a t e .  

K I M :  I t  i s  u n s t e a d y  s t a t e .  T h e   s u r r o u n d i n g  i s  c o n s t a n t ,   o r  
i n f i n i t e   h e a t   s i n k .  The h e a t   l o s s  r a t e  i s  d i f f e r e n t   a c c o r d i n g   t o  
t h e  temperature of  t h e   s k i n .  The s k i n   t e m p e r a t u r e   a f f e c t s   t h e  
c e l l  componen t   i n s ide .  So t h a t  is a l l  c o n s t a n t .  

D I  MASI:  So you assume t h a t  was c o n s t a n t ?  

K I M :  Yes. 

D I  MASI:  So t h e   h e a t   l o s s  is v e r y  small? 

K I M :  Yes. For T e f l o n   c a s i n g ,  it is  n o t   l a r g e .  A l l  h e a t  tem- 
p e r a t u r e  r i s e s ,  a l t h o u g h   t h e   h e a t   s i n k   T e f l o n   c a s i n g   i t s e l f   a n d  
o t h e r  c e l l  c o m p o n e n t   a n d   e l e c t r o l y t e .  
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3.06 I. I7 3.15 Heat f rom overpotential, J 

5.61 2.46 6. 12 Total discharge heat, J 

10.0 5.0 10.0 Current density, mA/cmz 

3.26 3.34 3.26 Dischargepotential, E, 

3.60 3.CO 3.61 Open circuit potentia1,E 

3rd 2nd 1st  
". . "_ 

" - . " -. . . - . . -. . . . 

" - - - - . - . . . - . . . . . . 

- .. . - - " -. . . . 

"" .. - . - - . . 

" - ." 

"" . . ____ . ". 

-1.12 -0.95 -0.96 

average tdE/aT),= -1.01 2 0.06 ~ V / V  

x "Hmt from other sources" assumed 011 &nr 

entmpy con+ribut;on. 

T a b l e   4 - 2  

A = 3cm2 
t * 300sec HEATS  OF  CELL  DISCHARGE 
T * 2 9 8 O K  ( 7 7 - F )  

ELECTROLYTE  NEUTRAL  ACIDIC 

I (mA/cm2) IO. 0 10.0 5.0 ' 

E, / V I  3.34  3.26  3.33 

A H ( € - € ,  ) 4 7 . 7 %  9 0 . 7 %  54.6 X 

A "(,)her) 9.3 % 45.4%  52.3 % 

Table 4 - 3  
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TEMPERATURE  PROFILES 

I 5 0  mA/cm2 
4 8 0  sec 

INITIAL  TEMP 7 I0C - AMBIENT  TEMP 0°C (RADIAL) - 
"C 

350 

300 

250 

2 0 0  

ELECTROLYTE 150 

100 

50 

0 2 4 6 8 1 0 1 2  14 
0 

RADIAL  DISTANCE, cm 

F i g u r e  4-5 

IO0 

8 0  

V 

W 60 
'" 
' 40 
Lz 

W m 
3 2 2 0  

a 
5 0  

LL 
w 

W 
I- 

- 20 

- 40 

- GC 

Temperature -rise at the center of 
2 0  bipolar-cell battery 

150 mA/cm2 
0 . 0 2 5 '  Ni Current Collecter TemD ("C) 
12.5'  ~ u l l  Diometer 

Metal Casing 

1 2 3 4 5 6 7 0  
T I M E ,  min 

F i g u r e  4-6 

, 8 0  

60 

4 0  

2 0  

IO0 

8 0  

60 

4 0  

2 0  

0 

3 1  





Li/SO2 CELL LOT  TO  LOT VARIATIONS AND SOME 
D E S I G N  COMPARISONS 

R. W a l k  
B e d f o r d   E n g i n e e r i n g   C o r p o r a t i o n  

I s h o u l d  l i k e  t o   p r e s e n t  some d a t a   t h a t   B e d f o r d   E n g i n e e r i n g  
C o r p o r a t i o n   h a s   c o l l e c t e d   o n   L i / S O 2  ce l l s  o v e r   t h e  pas t  f o u r  
y e a r s .  I s h a l l  t a l k  a b o u t  two d i f f e r e n t  c e l l  d e s i g n s .  One is 
r e f e r r e d   t o  as t h e   s t a n d a r d  c e l l ,  w h i c h   h a s   v e r y   h i g h   L i : S O 2  
r a t i o s  ( 1 . 5  or 2 : l ) .   T h e   o t h e r  is known as t h e   b a l a n c e d   d e s i g n ,  
where   the   L i :SO2 r a t i o  is 0 .9 -1 .1 : l   on   an  ampere h o u r  basis.  

U n f o r t u n a t e l y ,  a l l  t h e  d a t a  a r e  f r o m   o n e   m a n u f a c t u r e r ,   a n d  
o n l y   o n  D ce l l s .  We h a v e   t e s t e d  ce l l s  f r o m   o t h e r   m a n u f a c t u r e r s ,  
and  we b e l i e v e   t h e s e   d a t a  t o  b e   t y p i c a l .  

T h e s e  ce l l s  were p u t   o n  t e s t  t h r e e  t o  s i x   m o n t h s   a f t e r   t h e  
m a n u f a c t u r e r ' s   d a t e ,   e x c e p t   w h e r e  w e  i n d i c a t e   t h a t   t h e r e  was some 
p l a n n e d   s t o r a g e .  

( T a b l e   5 - 1 )  

T h e  f i r s t  c o l u m n   o n   t h e   l e f t   s h o w s  1 4  d i f f e r e n t   m a n u f a c t u r e r s '  
l o t s   t h a t  were g i v e n   B e d f o r d   E n g i n e e r i n g   l o t   n u m b e r s  as  t h e y  came 
i n .   I n  some p l a c e s   y o u  w i l l  see t w o   d i f f e r e n t   l i n e s ,  two d i f f e r -  
e n t  tests o f   t h e  same l o t  number .   Th i s  i s  b e c a u s e   i n  some cases 
t h e   l o t  came i n   i n  t w o   d i f f e r e n t   s h i p m e n t s   a n d  we o b t a i n e d   t h e  
t e s t  d a t a   o n   t h o s e   s h i p m e n t s .  

T h e r e  a r e  5-15 c e l l s  i n  a t e s t ,  and  w e  h a v e   l i s t e d   h e r e   t h e  
maximum c a p a c i t y ,   t h e  minimum, t h e   m e d i a n  c e l l  f o r   t h e  t e s t ,  t h e  
mean a n d   s t a n d a r d   d e v i a t i o n ;  i . e . ,  t w o - t h i r d s   o f   t h e   l o t   t e s t e d  
f e l l   w i t h i n   t h e  ampere h o u r s .  

F o r   e x a m p l e ,   t h e   f i r s t   c o l u m n  is w i t h i n  4 0  mA h 5 30 mA h o f  
t h e   s t a n d a r d  c e l l .  T h e   c o e f f i c i e n t   o f   v a r i a t i o n  i s  s i m p l y   t h e  
s t a n d a r d   d e v i a t i o n   d i v i d e d   b y   t h e   m e a n ,  t o  g i v e  u s  a f e e l   f o r   t h e  
s p r e a d   o f   t h e  capaci t ies  d e l i v e r e d   b y   t h a t   l o t .  

T h e   k e y   f e a t u r e   a b o u t   t h e s e   d a t a  is t h a t   o u t   o f   t h e   1 4  l o t s  
and  90 c e l l s ,  t h e   p e r f o r m a n c e  was q u i t e   t i g h t .  The  median c e l l  
was n o r m a l l y   a r o u n d   9 . 5  A h ;   t h e s e  a r e  a l l   a t  33  ohms, or a b o u t   8 5  
mA l o a d .  

A t  t h e  low t e m p e r a t u r e ,  23 C (-10 F) t h e r e  is a l s o   v e r y   u n i -  
f o r m   p e r f o r m a n c e ,   w i t h   t h e   m e d i a n  c e l l  v a l u e  lower t h a n  a t  room 
t e m p e r a t u r e .  

( T a b l e   5 - 2 )  

T a b l e   5 - 2   s h o w s   s o m e   d a t a   f o r   t w o   o f   t h e  l o t s  a t  a p p r o x i m a t e l y  
1 A  d r a i n  on t h e  D c e l l .  A t  room temperature t h e   m e d i a n  c e l l  is 
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a b o u t   0 . 2  A h l o w e r   t h a n   8 5  mA h ra te .  A t  -10 F,  however,  it is 
down b y   a b o u t  3 A h .  

The da ta  a re  s t i l l  p r e t t y   u n i f o r m .   I n  some cases, s u c h  as  a t  
-10 F ,  t h e   s t a n d a r d   d e v i a t i o n   a n d   t h e   c o e f f i c i e n t  of v a r i a t i o n  are 
r a t h e r   h i g h .  We had some i n f o r m a t i o n   o n   t h i   o n e   l o t  a t  s i x  
mon ths ,   one   yea r   and   e igh teen   mon ths  a t  b o t h  temperatures,  and 
e s s e n t i a l l y ,   w i t h i n   e x p e r i m e n t a l   e r r o r ,   t h e  da t a  are t h e  same as 
b e f o r e   s t o r a g e .   T h e   s t o r a g e  temperature,  o f   c o u r s e ,  i s  24 C ( 7 5  
F )  

( F i g u r e   5 - 1 )  

F i g u r e  5-1 s h o w s   t h e   v a r i a t i o n   o v e r   a p p r o x i m a t e l y  90 c e l l s  a t  
85  mA h ,   and   roughly   20-25  c e l l s  a t  -10 F. For  example,  a t  1 A  t h e  
spread i n   c a p a c i t y   o v e r  t h e  90  c e l l s  i s  a b o u t  1 A h.  A t  t h e   l o w e  
c u r r e n t   t h e  spread is  a b o u t  3 A h. 

(Tab le  5-3) 

There a r e  fewer l o t s   f o r   t h e   b a l a n c e d  c e l l .  I t  is a newer 
c e l l .  Here we a re  p r o v i d i n g  d a t a  as a f u n c t i o n   o f  temperature an 
d i s c h a r g e  r a t e .  

The f i r s t   s t r i k i n g   t h i n g  is t h a t  t h e  capac i t i e s  a t  room tem- 
pe ra tu re  ( 7 5  F )  a r e  a b o u t  3 A h l o w e r   t h a n   f o r   t h e   s t a n d a r d  c e l l ,  
a n d   i n  a l l  t h e  c e l l s  t h e  capac i t i e s  a re  down.  The s t a n d a r d   d e v i -  
a t i o n s  a r e  h i g h e r   f o r   s t a n d a r d  ce l l s ,  a n d   t h e   c o e f f i c i e n t   o f   v a r i -  
a t i o n  a t  room temperature a re  v e r y   h i g h .  

I n  some cases,  such  as 0 C (‘32 F ) ,  t h e   c a p a c i t y   o f   t h e   m e d i a n  
c e l l  f o r   t h e  2 A d a t a  is  h i g h e r   t h a n   t h e   c a p a c i t y  a t  1 A .  We a r e  
n o t  s u r e  i f  t h i s  is accura te ,  b u t  it was t y p i c a l   f o r   t h a t  t e s t .  
Of c o u r s e ,   t h e s e  a r e  r e s u l t s  from j u s t  o n e   l o t ;  we m u s t  do  more 
t e s t i n g   t o  be su re  of  t h i s  i n f o r m a t i o n .  

T h e   d i s c h a r g e  r a t e ,  o f   c o u r s e ,  is  i n   h o u r s .  

I s h a l l  show  some o f   t h e   d i s c h a r g e   c u r v e s   f o r   t h e   b a l a n c e d  D 
ce l l s .  E s s e n t i a l l y   t h e s e  are  t h e  same a s  f o r   t h e   s t a n d a r d  ce l l s .  
They a re  f l a t  a t  33  ohms. When t h e y   r e a c h  t h e  e n d s   o f   c a p a c i t y ,  
t h e  v o l t a g e   d r o p s   v e r y   r a p i d l y ,   - 1 0  F da t a  and  120 F da t a  a t  t h i s  
l o w   c u r r e n t   f i g u r e ,  5 mA i s  t h e  bes t ,  140 F d a t a  is low. 

We h a v e   s e e n  t h i s  i n   s u l f u r   d i o x i d e  ce l l s  b e f o r e .  A t  1 2 0  F 
t h e y  seem t o   s t a y   p r e t t y   g o o d ,  b u t  a b o v e   t h a t   p o i n t  t h e  r a t e  of  
d e g r a d a t i o n  seems t o  acce le ra te .  
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( F i g u r e   5 - 3 )  

For t h e  1 A d a t a ,  a t  2.8  ohms, t h e   m e d i a n  c e l l s  o f   e a c h  t e s t  
a re  shown i n   F i g u r e  5-3.  The 32 F d a t a   g a v e   t h e   l o w e s t   c a p a c i t y ,  
as  you  might  expect i n   t h e s e   h i g h e r   c u r r e n t .   T h e   d i s c h a r g e   c u r v e  
s l o p e d ,   r a t h e r   t h a n   d r o p p e d   o f f   r a p i d l y ;   t h i s   o c c u r r e d   f o r  a l l  t h e  
c e l l s  i n   t h a t  p a r t i c u l a r  l i n e .  

( F i g u r e   5 - 4 )  

A l l  I want t o  show  on  Figure 5-4 is t h a t   t h e s e  a r e  t h e   p o i n t s  
o n   t h e   b a l a n c e d  c e l l  a t  t h e   f o u r   t e m p e r a t u r e s ,   a n d  a t  t h e   f o u r  
d i f f e r e n t   d i s c h a r g e   c u r r e n t s .  By p l o t t i n g   a m p e r e   h o u r   c a p a c i t y   o n  
t h e  Y a x i s ,   a n d   c u r r e n t   i n  amps o n   t h e  X a x i s ,  we o b t a i n   t h e s e  
s t r a i g h t   d i a g o n a l   l i n e s   t h a t   r e p r e s e n t   t h e   d i s c h a r g e  r a t e .  I 
t h i n k   t h i s  is a n   i n t e r e s t i n g   a n d   g o o d  way t o  present  a l o t   o f   d a t a  
f rom a small a m o u n t   o f   d a t a ,   a n d   b e   a b l e   t o   g e t  a l o t   o f   i n f o r m a -  
t i o n  on   one   cha r t .   Fo r   example ,   i f   you   wan t   t o  know how t h e s e  
ce l l s  w o u l d   o p e r a t e   f o r   1 5   h o u r s   a n d   d e l i v e r  7 A h ,   you   can  see 
t h a t   t h e  c e l l ,  r u n n i n g  a t  500  mA o r  less,  w o u l d   g i v e   t h e   1 5  
hour s .   Runn ing   above   t ha t  a t  t h e   h i g h e r   c u r r e n t s ,  it would  de- 
l i v e r  less t h a n   1 5   h o u r s .  

I t  i s  also p o s s i b l e   t o   g e t  a f e e l   f o r   t h e   c a p a c i t y   d e l i v e r e d  
u n d e r   c o n d i t i o n s   w h e r e   d a t a   a r e   n o t   a v a i l a b l e ,   s a y   1 . 5  A ,  a t  -10 , 
by l o o k i n g  a t  t h e  -10  c u r v e   f o r   1 . 5  A.  

( F i g u r e   5 - 5 )  

F i g u r e  5-5 i s  j u s t  a compar i son   o f   t he   75  F d a t a   w i t h   t h e  
s t a n d a r d  c e l l s .  T h i s   p o i n t ,   t h i s   r a n g e  is t h e   s t a n d a r d  c e l l  a t  85 
mA. T h i s  i s  t h e  s t a n d a r d  c e l l  a t  l A ,  a n d   t h i s  i s  t h e   s p r e a d   a n d  
d a t a   f o r   t h e   b a l a n c e d  c e l l  a t  t h e s e   t h r e e   c u r r e n t s   o f   8 5  mA,  0.5 A 
and lA, w i t h  t h e  has  l i n e   b e i n g   t h e   m e d i a n  c e l l  f o r  t h a t  p a r t i c u -  
l a r  s e t  of d a t e .  

I h a v e   t h e   d i s c h a r g e   r a t e   l i n e s   g o i n g   t h e s e   a l s o ,   y o u   c a n  see 
t h e   a p p r o x i m a t e  time . 

( F i g u r e   5 - 6 )  

F i g u r e  5-6 p r e s e n t s   t h e   d a t a   s o m e w h a t   d i f f e r e n t l y .  I have  
t a k e n   t h e   b a l a n c e d  c e l l  da t a   and   b roken   t hem down i n t o  a l i t t l e  
g r a p h   f o r   e a c h   t e m p e r a t u r e ,   a n d   t h e n  p u t  t h e   p e r f o r m a n c e   r a n g e   f o r  
t h e   g r o u p   o f  c e l l s  f r o m   t h a t   o n e   l o t .   F o r   t h e   l o w   t e m p e r a t u r e  
d a t a ,   a n d   a l s o   f o r   t h e  room t e m p e r a t u r e   d a t a ,  I h a v e   p u t   t h e   r a n g e  
o f   t h e   s t a n d a r d  ce l l .  

The l i n e s  a l l  show a p p r o x i m a t e l y   w h a t   d a t a  were d e l i v e r e d .  

I shoud l i k e  t o   t h a n k  Mr. F l o r i d 0   P e y   a n d  Mr. Me1 Anderson  of  
B e d f o r d   E n g i n e e r i n g   C o r p o r a t i o n   f o r   c o l l e c t i n g   m o s t   o f   t h e   d a t a .  
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DISCUSSION 

HUBER: I notice a greater apparent  spread in  the  data  on the 
last  few  figures for the balanced cells  versus  the standard 
cells. Is this  simply because that  represents  the smaller sample 
quantity?  Or,  does it represent  less  control of the manufacturing 
technique or some other variation  in  the  application of  the bal- 
anced cell exposed to the higher degree of variability? 

WALK: First  of  all,  it is a small sample. There  is  also a 
price to pay in  capacity by going to a lithium-limited cell and 
trying to make it safer. I do not know the  exact  reason for the 
larger spread in this particular cell. 

HUBER: Obviously,  the lesser capacity is recognized as  one of 
the penalties to be paid for the balanced cell, but my conceren 
was  the greater variability  in  the  data, and the  probable or pos- 
sible reason. 

WALK: I am  sorry, I do not know. 

DI MASI: Do you  know if the balanced cells  have  any  anode 
term  connecting  capability? In addition to the  ordinary  anodes, 
was these a current collector? 

WALK: No, there  was not. 

DI MASI: That could make a difference  in  the capacity. 

WALK:  Yes. 
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STANDARD 'D' CELL LOT TO LOT VARIATIONS 
(DISCMKE LOAD = 33 01'115) STANDARD "D" CELL  LOT T O  LOT VARlATlOllS 
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LONG L I F E  Li/SO2 CELLS 
S. Levy 

S a n d i a   L a b o r a t o r i e s  

S a n d i a   L a b o r a t o r i e s   h a s   h a d   s e v e r a l   a p p l i c a t i o n s   r e c e n t l y   f o r  
a l o n g - l i f e   b a t t e r y   ( o n e   t h a t   c o u l d   o p e r a t e   c o n t i n u o u s l y   f o r  per- 
i o d s   o f  a t  l ea s t  f i v e   y e a r s ) .  

When t h e s e   a p p l i c a t i o n s   f i r s t  came a b o u t  we d i d  many ca lcu la-  
t i o n s ,   t a l k e d   t o  a l o t   o f   p e o p l e   a n d   d e c i d e d   t h e   l i t h i u m   s u l f u r  
d i o x i d e   s y s t e m   w o u l d   b e   t h e   b e s t   s y s t e m   f o r   o u r   p a r t i c u l a r  app l i -  
c a t i o n s .  However, t h e r e  were n o   d a t a   a v a i l a b l e   f o r   t h e s e   v e r y  
l o n g - l i f e   d i s c h a r g e s   a n d  s o  we o b t a i n e d  a number of  c e l l s  from 
s e v e r a l   m a n u f a c t u r e r s ,   a n d   p l a c e d   t h e m   o n  a l o n g - t e r m   s t o r a g e   a n d  
d i s h c a r g e  t e s t .  

We f o u n d   t h a t   a f t e r   a b o u t   e i g h t e e n   m o n t h s   o n  t es t s ,  w e  s t a r t e d  
g e t t i n g  premature f a i l u r e s .  A s t u d y  was i n i t i a t e d  and we found 
s e v e r a l   s p e c i f i c   p r o b l e m  areas  t h a t   c a u s e d   t h e s e  f a i l u r e s .  

( F i g u r e  6 - 1 )  

F igu re   6 -1  i l l u s t r a t e s  what w e  f o u n d .   P r o b a b l y   t h e   m o s t  se r -  
i o u s   p r o b l e m  was c o r r o s i o n   o f  t h e   g l a s s   i n   t h e   g l a s s - t o - m e t a l  
s ea l .  T h i s   c a n  r e s u l t  i n  two s p e c i f i c  m o d e s   o f   f a i l u r e .  

F i r s t ,  a c o n d u c t i v e   f i l m   c a n   f o r m   o n   t h e   u n d e r s i d e   o f   t h e  
g l a s s ;   t h i s   e v e n t u a l l y   a l l o w s   t h e   c e l l - t o - c e l l   d i s c h a r g e .   S e c o n d -  
l y ,   i n  some p a r t i c u l a r   c o n f i g u r a t i o n s ,  a s  t h e   g l a s s   c o r r o d e s ,  
s t r e s s e s   i n   t h e   g l a s s   ( d u e   t o   t h e   c o m p r e s s i o n  s ea l  i n   t h a t   h e a d e r )  
r e s u l t   i n  t h e  c r a c k i n g   o f   t h e   r e m a i n i n g   g o o d   g l a s s ,   t h u s   a l l o w i n g  
t h e   s u l f e r   d i o x i d e   t o   e s c a p e .  

Another   problem is  t h e   w e l d i n g   o f  t h e  p o s i t i v e   l e a d .   T h e   p o s -  
i t i v e  lead i n  these c e l l s  i s  an   a luminum  ca thode   tab ,   spot   welded  
o n t o  a t a n t a l u m   p i n   t h r o u g h   t h e   g l a s s   i n s u l a t o r .  We f o u n d   t h a t  
t h e   t a n t a l u m  was c o r r o d i n g ,   p a r t i c u l a r l y  on h i g h   t e m p e r a t u r e   s t o r -  
a g e ,   e v e n t u a l l y   r e s u l t i n g   i n   a n   o p e n   c i r c u i t   c o n d i t i o n .  

The f i n a l   p r o b l e m  was c o r r o s i o n   o r   s e l e c t e d   u t i l i z a t i o n  a t  t h e  
l i t h i u m   c o n t a c t   w i t h   t h e   c a n .   T h i s   w o u l d  r e s u l t  i n i t i a l l y   i n   t h e  
f o r m a t i o n   o f  a r e s i s t i v e   f i l m   o n   t h e  l i t h i u m ,  l e a d i n g   t o   t h e   l o s s  
o f  r a t e  c a p a b i l i t y   f o r   t h e s e  c e l l s  a n d   e v e n t u a l l y   c a u s i n g   a n   o p e n  
c i r c u i t   c o n d i t i o n .  

The s t r e s s  c o r r o s i o n  was n o t   s o m e t h i n g   t h a t  we d i s c o v e r e d ,   b u t  
was p o i n t e d   o u t   t o  u s  by o n e   o f   t h e   m a n u f a c t u r e r s .  I t  i s  a se r -  
ious   p rob lem,   and  w e  a r e  working  on it w i t h   t h e   m a n u f a c t u r e r s .  I t  
s h o u l d   b e   s o l v e d   f a i l r l y  soon .  
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We i n i t i a t e d  a s t u d y   t o   t r y   a n d   f i n d   s o l u t i o n s   f o r   t h e s e   v a r -  
i o u s   p r o b l e m s .  One o f   ou r   p rog rams  was a t  t h e   p o i n t   w h e r e  we had 
p r o d u c t i o n ,   a n d  w e  d i d   h a v e  a f a i r l y   t i g h t   S c h e d u l e ,  so  t h a t  w e  
h a d   t o   f i n d  a s o l u t i o n   t o   t h e s e   p r o b l e m s   f a i r l y   q u i c k l y .  

We d i d   f i n d   s e v e r a l   s o l u t i o n s   f o r   e a c h   o f   t h e   d i f f e r e n t   p r o b -  
lems, a n d   r a n   a n   a c c e l e r a t e d  t e s t  a f t e r w a r d s .  We e x a m i n e d   t h e s e  
c e l l s  v e r y   c a r e f u l l y   a n d  came u p  w i t h  a remedy  for   each   problem,  
w e  a r e  now g o i n g   i n t o   p r o d u c t i o n .   T h i s   m o r n i n g  I s h o u l d  l i k e  t o  
t a l k  v e r y   b r i e f l y   a b o u t   o u r   p r o g r a m ,  how we came u p  w i t h   t h e s e  
d i f f e r e n t   r e m e d i e s ,   t h e  r e s u l t s  o f   t h e  accelerated t e s t ,  and t o  
show  you  what  our  modified c e l l  l o o k s  l i k e .  

The f i r s t  area w e  i n v e s t i g a t e d  was t h a t   o f   t h e   g l a s s   c o r r o -  
s i o n .  We d i d  some r a t e  s t u d i e s ,   a n a l y s e s   o f   t h e   c o r r o s i o n   p r o d -  
u c t s ,  a n d   f r o m   o n   t h i s   i n f o r m a t i o n  w e  d e v i s e d  a m o d e l   f o r   t h i s  
c o r r o s i o n   r e a c t i o n .  The  model i s  b a s e d   o n   t h e   u n d e r p o t e n t i a l   d e p -  
o s i t i o n   o f   l i t h i u m  metal f r o m   t h e   e l e c t r o l y t e   o n t o   t h e   g l a s s ,   a n d  
t h e   s u b s e q u e n t  a t t ack  by t h e   l i t h i u m   o n   t h e   g l a s s   a n d   t h e   f u r t h e r  
a t tack  by t h e   v a r i o u s   p r o d u c t s   t h a t  were formed.  

From t h i s  model w e  d e t e r m i n e d  a r a n g e   o f   c o m p o s i t i o n s   f o r  
g l a s s e s   t h a t   s h o u l d   b e   m o r e   r e s i s t a n t   t o   t h i s   t y p e   o f   c o r r o s i v e  
a t t a c k .  We t h e n   l o o k e d   t h r o u g h   t h e   c o m m e r c i a l l y   a v a i l a b l e   g l a s s e s  
t o  see i f  we c o u l d   f i n d   a n y   t h a t  were i n   t h i s   c o m p o s i t i o n   r a n g e ,  
a n d   f o u n d   t h a t   t h e   C o r n i n g   1 7 2 3   f e l l   w i t h i n  it. We a l s o   s t a r t e d  
some s t u d i e s   i n - h o u s e .  We f o r m u l a t e d  a number o f   d i f f e r e n t  
g l a s s e s  a t  o u r   g l a s s   s h o p   a n d  came u p  w i t h   o n e   t h a t   l o o k e d   p r o m i s -  
i n g .  We r e f e r   t o  i t  a s  TA 2 3   g l a s s .  

We a l s o   w e n t   t o   t h e   m a n u f a c t u r e r e s  we were working   wi th   and  
asked them i f   t h e y   h a d   a n y   s o l u t i o n s   t o   t h i s   p r o b l e m .  One sug-  
g e s t e d   t h e  u s e  o f   F u s i t e   1 0 8   g l a s s ,   a n d   t h e   o t h e r   s u g g e s t e d   t h e  
u s e  o f   t h e   C o r n i n g   1 7 2 3   g l a s s ,   d o p e d   w i t h   a l u m i n u m   o x i d e   t o   c h a n g e  
t h e   e x p a n s i o n   p r o p e r t i e s   a n d   o b t a i n  a be t t e r  compress ion  s e a l  w i t h  
t h e   t a n t a l u m   p i n .   B o t h   m a n u f a c t u r e r s  a r e  u s i n g   c o a t i n g s   o n   t h e  
g l a s s   t o   p e v e n t   c o n t a c t   o f   t h e   e l e c t r o l y t e   w i t h   t h e   g l a s s   a n d   t h u s  
h i n d e r   t h i s   c o r r o s i o n   r e a c t i o n .   T h e y  a re  b o t h   u s i n g  a f l u o r o p o l y -  
mer r e a c t i o n ,   o n e  Halar a n d   t h e   o t h e r   E d a t h o n .  We a re  i n v e s t i g a t -  
i n g   b o t h   o f   t h e s e .  

I n   a d d i t i o n ,   o n e   o f   t h e   m a n u f a c t u r e r s  i s  l o o k i n g  a t  a t a n t a l u m  
w a s h e r   p o l y p r o p y l e n e   O - r i n g   a r r a n g e m e n t ,   a g a i n   d e s i g n e d   t o   k e e p  
t h e   e l e c t r o l y t e   f r o m   c o n t a c t i n g   t h e   g l a s s .  

We looked  a t  a l l  t h e s e   v a r i a t i o n s   i n   o u r   a c c e l e r a t e d  t e s t ,  
a l o n g   w i t h  some s t a n d a r d  tests.  I n   t h e   n e x t  s e r i e s  o f  
s l i d e s  I s h a l l  s h o w   y o u   t h e s e   g l a s s e s  a f t e r  t h e s e  c e l l s  came o f f  
of t h e  acce lera ted  t e s t .  
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( F i g u r e   6 - 2 )  

F i g u r e  6-2  shows a s t a n d a r d   h e a d e r .  I t  shows  the  main  body  of  
t h e   h e a d e r  or t h e   o u t e r   c o n d u c t o r .   T h e   d a r k  areas  a re  t h e   g l a s s  
a n d   t h e   c e n t e r   p i n .  

We can  see f r o m   t h e   d a r k   c o l o r   o n   t h e   g l a s s   t h a t   t h e   c o r r o s i o n  
h a s   p r o c e e d e d   a c r o s s   t h e   e n t i r e   g l a s s   s u r f a c e .  And i n d e e d ,  on 
t h e s e   s t a n d a r d   g l a s s e s  we d i d  measure r e s i s t a n c e s  as  low as 5 ohms 
a c r o s s   f r o m   t h e   o u t e r   c o n d u c t o r   t o   t h e   c e n t e r   p i n .  

( F i g u r e   6 - 3 )  

F i g u r e   6 - 3   s h o w s   t h e   F u s i t e   1 0 8   g l a s s .   T h e r e  i s  a s i g n i f i c a n t  
improvement o v e r   t h e   s t a n d a r d   g l a s s .   C o r r o s i o n   h a s   o c c u r r e d  ap- 
p r o x i m a t e l y  5 0 %   o f   t h e  way a c r o s s   t h e   s u r f a c e   o f   t h e   g l a s s .  

These tests were r u n   f o r   f i v e   m o n t h s  a t  60 C.  

( F i g u r e   6 - 4 )  

F i g u r e  6-4 s h o w s   t h e   C o r n i n g   1 7 2 3   g l a s s   d o p e d   w i t h  a l u m i n u m  
oxide.   Roughly 1 0 %  o f   t h e   g l a s s   s u r f a c e   h a s   b e e n   c o r r o d e d   a f t e r  
f i v e   m o n t h s .  

( F i g u r e   6 - 5 )  

F i g u r e  6-5  shows a 1 7 2 3   g l a s s .   T h i s   p a r t i c u l a r   h e a d e r  was 
made a t  Sand ia   and   t he   mo lds  w e  used r e s u l t  i n   t h e s e   h e e l  marks 
when t h e  g l a s s  i s  f u s e d .   T h e r e  a re  a l s o  some g r o o v e s   i n   t h e  
m o l d s ,   w h i c h   r e s u l t   i n   t h e s e   c o n c e n t r i c   r i n g s  on t h e   g l a s s .  The 
g l a s s  i s  a l s o   r e c e s s e d   s o m e w h a t ,   c a u s i n g  some shadows.   There i s  
a p p r o x i m a t e l y   t h e  same amoun t   o f   co r ros ion  a s  on   t he   a lumina   doped  
1 7 2 3   g l a s s .  

( F i g u r e   6 - 6 )  

F i g u r e  6-6 shows a S a n d i a  TA 2 3   g l a s s .   U n f o r t u n a t e l y ,  we d i d  
n o t   h a v e  time t o   f a b r i c a t e   t h e s e   h e a d e r s   a n d   g e t   t h e m   b a c k   t o   t h e  
b a t t e r y   m a n u f a c t u r e r s   i n  time t o   b e   i n c o r p o r a t e d   i n t o   b a t t e r i e s  
f o r   t h e   a c c e l e r a t e d  t e s t ,  and s o  we r a n  some ampules tes ts  w i t h  
t h i s  p a r t i c u l a r  h e a d e r ,   b y   p l a c i n g   t h e   h e a d e r   i n  a g l a s s   a m p u l e ,  
h o l d i n g   t h e   o u t e r   c o n d u c t o r  a t  t h e   l i t h i u m   p o t e n t i a l ,   c o v e r i n g  it 
w i t h   e l e c t r o l y t e ,   s e a l i n g  i t  a n d   p l a c i n g  it i n  a temperature 
chamber.  

We had a more   s eve re  t e s t  o n   t h e s e  p a r t i c u l a r  h e a d e r s   t h a n   o n  
t h e   o t h e r s   f o r  t w o   r e a s o n s   F i r s t ,   t h e r e  is an  excess o f   e l e c t r o -  
l y t e ,   w h i c h  i s  bad .   Secondly ,  we k e p t   t h e m  a t  70 C f o r   t h e   f i v e  
m o n t h s ,   w h i l e   t h e   b a t t e r i e s   i n   t h e   a c c e l e r a t e d  tests o n l y  saw a 
c o n s t a n t  temperature o f  60 C f o r   t h e   f i v e   m o n t h s .  
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We can  see a g a i n ,   b e c a u s e   t h e r e  are  n o   s h a d o w s ,   t h a t   t h e r e  
d o e s   n o t  seem t o  b e   a n y   c o r r o s i o n   o n   t h i s   g l a s s   a f t e r   t h i s  time a t  
70  C. 

( F i g u r e  6-7 1 

We d i d   d o  some r e s i s t a n c e   m e a s u r e m e n t s   o n   t h e s e   h e a d e r s  when 
t h e y  came o f f  t es t ,  and I s h a l l   s u m m a r i z e   o u r   o b s e r v a t i o n s .  

A s  I ment ioned  e a r l i e r ,  t h e   s t a n d a r d   g l a s s  we measured  had 
r e s i s t a n c e  as  low as 5 ohms. Here I am s h o w i n g   t h e  minimum re- 
s i s t a n c e  we measured  on  any p a r t i c u l a r  g l a s s  or any  p a r t i c u l a r  
h e a d e r   f r o m   t h e  t e s t .  

T h i s   n e x t   g r o u p   s h o w e d  a s i g n i f i c a n t   i m p r o v e m e n t   o v e r   t h e  
s t a n d a r d   g l a s s .  We f o u n d   i n   p a r t i c u l a r ,   w i t h   t h e   f l u o r o p o l y m e r  
E d a t h o n ,   t h a t  when we r e m o v e d   t h e   f l u o r o p o l y m e r   c o a t i n g ,   t h e r e  was 
n o   v i s u a l   e v i d e n c e   o f   c o r r o s i o n   o n   t h e   g l a s s .  We b e l i e v e   t h a t   t h e  
r e a s o n   f o r   t h i s   s o m e w h a t   l o w e r   r e s i s t a n c e  is t h e   a b s o r p t i o n   o f   t h e  
e l e c t r o l y t e   i n t o   t h e   f l u o r o p o l y m e r   c o a t i n g ,   l o w e r i n g   t h e  r e s i s t -  
a n c e   o f   t h e   p o l y m e r .  

I i n a d v e r t e n t l y   o m i t t e d   t h e   t a n t a l u m   w a s h e r   p o l y p r o p y l e n e  
O - r i n g   a r r a n g e m e n t   f r o m   t h i s   g r a p h .  We f o u n d   t h a t   t h e r e  was some 
l e a k a g e   t h r o u g h   t h e   O - r i n g   a n d   t h a t   c o r r o s i o n   h a d   b e g u n   t o   o c c u r  
o n   t h e   g l a s s ,   a n d  we found a r e s i s t a n c e  of  a b o u t   t h e  same o rde r   o f  
magni tude  as t h e s e .  

F i n a l l y ,   f o r   t h e  TA 23 g l a s s ,  we found  minimum r e s i s t a n c e ,   o f  
t h e   o r d e r   o f  1 0  t o   t h e   1 0 t h  ohms; t h i s  .is what  one  would  normally 
expect f o r   g l a s s   t h a t   d o e s   n o t   e x h i b i t   a n y   t y p e   o f   c o r r o s i o n .  

The n e x t  a rea  we i n v e s t i g a t e d  was t h a t   o f   t a n t a l u m   c o r r o s i o n .  
I t  a p p e a r e d ,   f r o m   o b s e r v a t i o n s   t h r o u g h   t h e   s c a n n i n g   e l e c t r o n  m i -  
c r o s c o p e ,   t h a t   t h i s  was a g r a i n   b o u n d a r y  a t t a c k .  I t  l o o k s   v e r y  
much l i k e  a t y p i c a l   h a l o g e n  a t t ack  on   t an t a lum.  Our a n a l y t i c a l  
work h a s  shown t h a t   t h e r e  i s  i n d e e d   h i g h   c o n c e n t r a t i o n   o f   b r o m i n e s  
a t  t h e   g r a i n   b o u n d a r i e s .  Because o f   t h e   v e r y   t i g h t   p r o g r a m   s c h e d -  
u l e  w e  w e r e   n o t  ab le  t o   s t u d y   t h e   m e c h a n i s m s   i n   d e t a i l ,   b u t   o u r  
m e t a l l u r g i s t s   d i d   s u g g e s t   t h a t  molybdenum  would  be b e t t e r  mater ia l  
f o r  use as a c e n t e r   p i n   b e c a u s e  it s h o u l d   b e  less s u s c e p t i b l e   t o  
t h i s   t y p e  of a t t ack .  

We t h e r e f o r e   d e c i d e d   t o  use a molybdenum p i n ,   a n d   t h e   t w o  man- 
u f a c t u r e r s   u s e d   d i f f e r e n t  means   o f   mak ing   con tac t .  One was u s i n g  
an  a r c  p e r c u s s i o n   w e l d   o f   t h e   a l u m i n u m   c a t h o d e   t a b   d i r e c t l y   t o   t h e  
molybdenum p i n ,   a n d   t h e   o t h e r   o n e  was d r i l l i n g  a h o l e   i n   t h e  
molybdenum p i n ,   f o r c e f i t t i n g   a n   a l u m i n u m   r o d   i n t o  it and   spo t -  
w e l d i n g   t h e   a l u m i n u m   c a t h o d e   t a b   t o   t h e   a l u m i n u m   r o d .  
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I n   b o t h  cases w e  were n o t   u s i n g   t h e   t a n t a l u m  f o i l  ( w h i c h  is  
u s e d   i n   t h e   s t a n d a r d   a r r a n g e m e n t ) ,   s i n c e   t h i s   s e e m e d  t o  be where  
t h e   b r e a k   o c c u r r e d .  

( F i g u r e   6 - 8 )  

I h a v e  some s c a n n i n g   e l e c t r o n   p h o t o m i c r o g r a p h s   o f   s o m e   o f  
t h e s e   p i n s  a f t e r  t h e  c e l l s  came o f f  of t h e   a c c e l e r a t e d   t e s t s . Y o u  
c a n  see h e r e   t h e  area w h e r e   t h e   f o i l   h a d   b e e n   s p o t   w e l d e d   t o  i t .  
Notice t h e   g e n e r a l   p i t t i n g   o n   t h e   e n t i r e   s u r f a c e   o f   t h i s   t a n t a l u m  
p i n .  

( F i g u r e  6-9) 

I f  we look a t  t h i s   f r o n t  a rea  u n d e r  a still h i g h e r   m a g n i f i c a -  
t i o n ,  w e  c a n  see d e f i n i t e   e v i d e n c e   o f   t h e   g r a i n   b o u n d a r y  a t t ack  
o v e r   t h e   e n t i r e   s u r f a c e .  

( F i g u r e   6 - 1 0 )  

N e x t ,  w e  h a v e  a molybdenum p i n   t h a t  was u n d e r   e x a c t l y   t h e  same 
t e s t  c o n d i t i o n s .  Here we see n o   e v i d e n c e   o f   p i t t i n g   o n   t h e   s u r -  
f a c e ,   s i m p l y   t h e   r e m n a n t s  of  t h e  a r c  p e r c u s s i o n   w e l d   a l u m i n u m  t a b ;  
And it  l o o k s  l i k e  a good weld .  

( F i g u r e   6 - 1 1 )  

A g a i n ,   i f  we l o o k  a t  t h i s   t o p   s u r f a c e  area u n d e r  s t i l l  h i g h e r  
m a g n i f i c a t i o n ,  we c a n  see n o   e v i d e n c e   o f  c o r r o s i v e  a t t a c k .  A s  a 
m a t t e r   o f   f a c t ,  we c a n  s t i l l  see some o f  t h e   s c r a t c h  marks t h a t  
were formed  on t o   t h e   s u r f a c e   o f   t h e   p i n  when it was m a n u f a c t u r e d .  

( F i g u r e   6 - 1 2 )  

When we l o o k e d  a t  t h e  c e l l s  w i t h   t h e   f o r c e   f i t   a l u m i n u m   r o d ,  
we saw n o   e v i d e n c e  of c o r r o s i o n .   H o w e v e r ,   i n  some i n s t a n c e s ,  as 
i s  s e e n   h e r e ,  w e  n o t i c e d  a r a d i a l  crack f o r m e d   a c r o s s   t h e   m o l y b -  
denum p i n .  

On t h i s   f i v e - m o n t h  t e s t  we saw n o   e v i d e n c e  of a n y   p r o b l e m ,  
e x c e p t   f o r   t h i s   c r a c k i n g .   H o w e v e r ,  w e  f e e l  t h a t   f o r  a f i v e - y e a r  
a p p l i c a t i o n   t h i s  i s  a p o t e n t i a l   p r o b l e m  area  t h a t  w e  s h o u l d   a v o i d  
i f   p o s s i b l e .  

T h e   n e x t  area t h a t  w e  c o n s i d e r e d  was t h a t  of t h e   l i t h i u m  
n i c k e l   c o r r o s i o n ,  o r  s e l e c t i v e   u t i l i z a t i o n .  We d i d  some c o r r o s i o n  
s t u d i e s ,   o f   l i t h i u m   v e r s u s  a number of s u p p o s e d l y   c o r r o s i o n  re- 
s i s t a n t  metals i n   t h e   s t a n d a r d   e l e c t r o l y t e   ( a c e t o n i t r i l e   l i t h i u m  
b r o m i d e   w i t h   s u l f u r   d i o x i d e   d i s s o l v e d   i n  i t ) .  
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We f o u n d   t h a t   o f  a l l  t h e  metals s t u d i e d ,   n i c k e l   h a d   t h e   l o w e s t  
g a l v a n i c   c o r r o s i o n   c u r r e n t   w i t h  respec t  t o   l i t h i u m .   T h e r e f o r e ,  w e  
f e e l   t h a t   n i c k e l  i s  t h e  metal t o   u s e   i n   t h e  
anode  .. 

A g a i n ,   b e c a u s e   o f   t h e   s h o r t  time t h a t  we h a d   t o  come u p  w i t h  
r emed ies ,  we f e l t   t h e   b e s t  way t o   p r e v e n t   a n   o p e n  c i r c u i t  cond i -  
t i o n   i n  c e l l s  was t o  place a g r i d   i n   t h e   a n o d e   a n d   t h e n  m a k e  con- 
t a c t  d i r e c t l y   f r o m   t h e   g r i d   t o   t h e   c a n .  

We looked  a t  two d i f f e r e n t   v a r i a t i o n s   o n   t h e   g r i d .  One had 
l i t h i u m   p r e s s e d   o n t o   o n e   s i d e   o f   t h e   g r i d ;   a n d   t h e   o t h e r   h a d   l i t h -  
i u m  p r e s s e d   o n   b o t h   s i d e s   o f   t h e   g r i d ,   e s s e n t i a l l y   h a v i n g   t h e   g r i d  
sandwiched  between  the  two s t r i p s  o f   l i t h i u m .  

One o f   t h e   m a n u f a c t u r e r s   a l s o   s u g g e s t e d   t h e  use o f  a r e a c t i o n  
bar r ie r  i n   t h e   s e p a r a t o r .   T h i s   i n v o l v e s   h e a t - t r e a t i n g  a nar row 
s t r i p   o f   e a c h   s e p a r a t o r  so  t h a t  i t  b e c o m e s   i m p e r v i o u s   t o   i o n s   i n  
t h e   e l e c t r o l y t e .   T h u s ,  when a c e l l  is d i s c h a r g e d ,   t h e   l i t h i u m  
d i r e c t l y   b e h i n d   t h i s  b a r r i e r  d o e s   n o t   b e c o m e   o x i d i z e d ,   r e s u l t i n g  
i n  a c o n d u c t i v e  s t r i p  o f   u n r e a c t i v e   l i t h i u m   r u n n i n g   t h e   f u l l  
l e n g t h   o f   t h e   a n o d e   r i g h t   i n t o   t h e  a rea  w h e r e   t h e   c o n t a c t  i s  made 
w i t h   t h e   c a n .  

We f o u n d   t h a t  c e l l s  w i t h  a g r i d   o r   a n o d e s   w i t h  a g r i d ,   h a d  a 
much m o r e   u n i f o r m   u t i l i z a t i o n   o f   t h e   l i t h i u m .  We d i d   n o t   n o t i c e  
a n y   s i g n i f i c a n t   d i f f e r e n c e   b e t w e e n  c e l l s  w i t h   t h e   r e a c t i o n   b a r r i e r  
i n   t h e   c a t h o d e   a n d   t h o s e   w i t h   t h e   s t a n d a r d   e l e c t r o d e .  

I n   t h e   s t a n d a r d   a n o d e s  we a g a i n   f o u n d   c o r r o s i o n   o r   s e l e c t i v e  
u t i l i z a t i o n  a t  t h e   p o i n t   o f   c o n t a c t   w i t h   t h e   n i c k e l .  

( F i g u r e   6 - 1 3 )  

F i g u r e  6-13  shows a m i c r o s c o p i c   s h o t   o f  a p o r t i o n   o f   t h e  e lec-  
t r o d e   c o n t a c t .  

Here we h a v e   t h e   l i t h i u m   b a c k g r o u n d .   T h i s  i s  a n i c k e l   t a b  
embedded i n t o   t h e   l i t h i u m   f o r   c o n t a c t .  We can  see many a reas  
a l o n g   t h e   s u r f a c e   w h e r e   t h e   c o n t a c t   w i t h   t h e   l i t h i u m  is c o m p l e t e l y  
g o n e   o n   b o t h   s i d e s .   E v e n t u a l l y   t h i s  w i l l  l e a d   t o   a n   o p e n  c i r c u i t  
c o n d i t i o n .  We a l s o   f o u n d   t h a t   t h e r e  was a n o n - u n i f o r m   u t i l i z a t i o n  
of t h e   l i t h i u m   i n   t h e s e  c e l l s .  

( F i g u r e   6 - 1 4 )  

Looking a t  a n   a r e a   o f   h i g h   l i t h i u m   u t i l i z a t i o n  we can  see many 
a reas ,  as shown in   F igu re   6 -14 ,   where  a p o r t i o n   o f   t h e   l i t h i u m  
b e c o m e s   p h y s i c a l l y   i s o l a t e d   f r o m   t h e   m a i n   b o d y   o f   t h e   a n o d e .  
T h u s ,   t h i s   l i t h i u m  is l o s t   t o   t h e  c e l l  and we g e t   v e r y   p o o r  u t i l i -  
z a t i o n   o f   t h e   a n o d e .  
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Cel ls  h a v i n g   t h e   g r i d   i n   t h e   a n o d e ,  as I s a i d ,  showed a much 
m o r e   u n i f o r m   u t i l i z a t i o n   o f   t h e   l i t h i u m .   L o o k i n g  a t  t h e m   u n d e r   t h e  
mic roscope ,  w e  r e a l l y   c o u l d  see no th ing .   These  are a l l  ca thode -  
l i m i t e d  ce l l s .  We d i d   h a v e  a few  ba lanced  c e l l s  on t e s t ,  i n   w h i c h  
v i r t u a l l y  a l l  o f   t h e   l i t h i u m  was u s e d   u p   d u r i n g   t h e   d i s c h a r g e .  

( F i g u r e   6 - 1 5 )  

We looked  a t  one  of t h e s e  c e l l s  w i t h   t h e   g r i d .   T h i s  area is 
t h e   m a i n   n i c k e l   c o n t a c t   t o   t h e   c a n .  You can  see t h a t   t h e r e  is no 
s e l e c t i v e   u t i l i z a t i o n .  A t  t h e   e n d   o f   l i f e ,   i n  areas  o u t   i n   t h e  
b u l k  of t h e   a n o d e ,   w h e r e   t h e   l i t h i u m   b e c o m e s   s e p a r a t e d   f r o m   t h e  
r e s t  o f   t h e   a n o d e ,   t h e r e  i s  s t i l l  e l e c t r i c a l  c o n t a c t   t o   t h e   t a b  
v i a   t h e   g r i d s .   T h e r e  is a much more e f f i c i e n t   u t i l i z a t i o n   o f   t h e  
l i t h i u m  when t h e r e  i s  a g r i d   i n   t h e   a n o d e .  

We d i d   n o t   r e a l l y  see a n y   s i g n i f i c a n t   d i f f e r e n c e   b e t w e e n  
a n o d e s   h a v i n g   t h e   l i t h i u m   p r e s s e d   o n t o   o n e   s i d e   o f   t h e   g r i d ,   o r  
hav ing   t he   g r id   s andwiched   be tween   two  pieces  o f   l i t h i u m .  How- 
e v e r ,   f o r  a l o n g - t e r m   a p p l i c a t i o n   s u c h  a s  we a re  i n t e r e s t e d   i n ,  w e  
f e e l   t h a t   h a v i n g  l i t h i u m  o n   b o t h   s i d e s   o f   t h e   g r i d  is advan tageous  
f o r   s e v e r a l   r e a s o n s .  

( F i g u r e   6 - 1 6 )  

F i r s t ,  i f  w e  l o o k  a t  a n o t h e r   b a l a n c e d  c e l l  h a v i n g   t h e   g r i d ,  we 
see t h a t  there  a re  many a reas  o f   u n u s e d   l i t h i u m   i n   b e t w e e n   t h e  
g r i d  m a t r i x .  Thus,  i t  is a p p a r e n t   t h a t  we g e t  much b e t t e r  u t i l i -  
z a t i o n   o f   t h e   l i t h i u m   w h e r e  it is  d i r e c t l y   i n   c o n t a c t   w i t h   t h e  
n i c k e l .  By p u t t i n g   l i t h i u m   o n   b o t h   s i d e s   o f   t h e   n i c k e l ,  we have  
more l i t h i u m   i n   c o n t a c t   w i t h   t h e   n i c k e l ,   w h i c h   s h o u l d   g i v e  a b e t -  
t e r   u t i l i z a t i o n .   A l s o ,  by p r e s s i n g   t h e   g r i d   o n t o   o n e   s i d e   o f   t h e  
l i t h i u m ,  we a r e  e f f e c t i v e l y   b l o c k i n g   o f f   p a r t   o f   t h e   a n o d e  s u r -  
f a c e .   I n   o n e   o f   o u r   p a r t i c u l a r   a p p l i c a t i o n s ,  we h a v e   t o  p u l l  a 
f a i r l y   h i g h   c u r r e n t   f r o m   t h e s e  ce l l s  somewhere  near   the  end  of  
l i f e .  By b l o c k i n g   o f f   p a r t   o f   t h e   a n o d e ,  we a r e   o p e r a t i n g  a t  a 
h i g h e r   c u r r e n t   d e n s i t y   t h a n   n o r m a l   w h i c h  i s  a bad s i t u a t i o n ,  par- 
t i c u l a r l y  a t  t h e   e n d  of l i f e .  

Anyway, f r o m   t h e  r e s u l t s  o f   t h i s   a c c e l e r a t e d  t e s t ,  w e  have  
come u p  w i t h  a mod i f i ed  c e l l  d e s i g n   f o r   l o n g - l i f e  a p p l i c a t i o n s .  

I n  i t  we h a v e   t h e   S a n d i a  TA 23  g l a s s   i n   t h e   g l a s s - t o - m e t a l  
seal  i n   t h e   h e a d e r ,   t h e   p o s i t i v e   p i n  is molybdenum,  with  the  alum- 
i n u m   c a t h o d e   t a b  a r c  p e r c u s s i o n   w e l d e d   d i r e c t l y   t o   t h e   m o l y b d e n u m .  

I n   t h i s   p a r t i c u l a r  a rea  I t h i n k  we v i o l a t e d   M u r p h y ' s  Law, be- 
c a u s e   t h e   m o l y b d e n u m ,   i n   a d d i t i o n   t o   b e i n g   l e s s - p r o n e   t o   c o r r o s i v e  
a t tack  i n   t h i s   e n v i r o n m e n t ,   a l s o  makes a b e t t e r   c o m p r e s s i o n  seal  
w i t h   t h e  TA 23  g l a s s .  The c o e f f i c i e n t   o f   e x p a n s i o n   o f   m o l y b d e n u m  
m a t c h e s   t h e  TA 23 much b e t t e r   t h a n   d o e s   t a n t a l u m .  
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Finally,  through  the  anode,  we  are  using  the nickel-expanded 
metal grid with  lithium on both sides. Contact  will be made di- 
rectly from  the  grid to the can. We  have ordered cells  of  this 
design.from two  different  manufacturers, and should  receive  them 
early  next year. 

At  this time  we  cannot  guarantee a more  reliable five-year 
life. However, I feel  confident that these  cells  will  show a sig- 
nificant  improvement over the  standard  cells  available for pur- 
chase. 

DISCUSSION 

DI MASI: I Was wondering if you  knew the increase in ef- 
ficiency  with  the  lithium,  with  the grid and without  the  grid? 
Did you make any analysis  on that? 

LEVY: We really did not  have time on this study. We only had 
five months. 

DI MASI: Could you  venture a guess as  to the increase? 

LEVY: I should rather not at this  time, until we can  run some 
tests  on it. We plan to do that. 

FELDHAKE: You mentioned stress corrosion. Was that stress 
corrosion of the  can? 

LEVY: It  was  stress corrosion of  the can at the outer radius 
on the bottom. It only occurred in the cells that were  of the 
nickel-plated cobalt  steel design. We did not  see it in the stain- 
less  steel cells. 

MARCOUX: What  was  the  lithium bromide concentration  in your 
final design? 

LEVY: We are using the standard electrolyte  of  each manufac- 
turer. 

MARCOUX: You were not involved? 

LEVY:  We did not look at the electrolyte. 

AKERS: You had a list  of  corrosion-resistant  glasses  up 
there.  Did you  categorize them as  conductive  glasses or non- 
conductive  glasses? 

LBVY: The  glasses themselves  are  not conductive. 

AKERS: Why not? 
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LEVY: It  was after corrosion or after some time in this bat- 
tery  environment  that they became conductive. 

AKERS: Did you actually  test that? 

LEVY: From the center pin  to  the outer 
conductor. 

AKERS: Thank you. 

CBODOSH: Is  the  TA 23 glass  formulated by your laboratory? 

LEVY:  Yes. 

CHODOSH: Is it proprietary? 

LEVY: It  is  not proprietary. There  is  a  patent  disclosure 
pending. Within  the  next month it should be filed and will be 
made public. 

We are actually arranging for one of the glass  manufacturers 
to make the glass for us  as  soon  as the patent is filed. We  are 
trying to  get  out  of  the glass-to-metal seal business. 

SCUILLA: Can you offer a  reason why that TA 23 glass  is  more 
corrosion resistant? 

LEVY: Because  of the composition. 

SCUILLA: Is  that  from  a  thermodynamic  standpoint, or kinet- 
ics? 

LEVY: It is basically from  a  kinetic standpoint. All  the 
network-forming oxides used in glasses are thermodynamically un- 
stable in the  presence  of lithium. There are certain  composi- 
tions,  though, in which the diffusion rate of ions into the glass 
is inhibited. This usually entails reduced silica  content  and 
high boron,  calcium and/or barium content. 

A s  I have  said,  we  have  come  up  with  some  composition  ranges 
that should be more corrosion resistant. 
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PERFORIYANCE, STORAGE,  SAFETY  AND  DISPOSAL OF Li/SO2 CELLS 
G. Di Masi and J. Christopoulos 

ERADCOM 

Power Sources  Division 
US Army Electronics  Technology and Devices 

Laboratory  (ERADCOM) 
Fort  Monmouth,  New Jersey 07703 

Previous studies1, 2, have  shown  that  the  electrochemical 
balance between the anodic and cathodic  reactants  affects  the per- 
formance  of  the  cell  with regard to safety  when  it is overdis- 
charged. It was  also stated that a lithium-limited D-cell, having 
sufficient  carbon  capacity,  could be discharged  at  a 0.5 to 5 amp- 
ere rate even into volta e  reversal without any serious incid- 
ents. In another report' anomalous  results were indicated with- 

8 y ' f 7  have reported cell  performance  characteristics and general 
abuse tests. 

ny  consideration of the cell stoichiometry. Other studies 

These  investigations include an evaluation of cell  performance 
characteristics after storage at room temperature and 71  C, as 
well as, some cell failure modes. The  performance  of  cells at low 
temperatures ( - 3 0  C) even into voltage reversal is also consider- 
ed. The correlation of Li/SO2 coulombic  ratio  with  generated 
free  cyanide  (CN-)  in forced discharged D-cells is also included. 

Exp-erimental Procedures 

The  D and SqD-cells employed for these  investigations  were  of 
a number of different  designs, both internally and externally. 
The main components were the  lithium  anode,  a  polypropylene  separ- 
ator in most cases, and a carbon/teflon cathode pressed upon an 
aluminum grid. These three components were in a spirally-wound 
configuration within a steel can. The  organic  electrolyte  was 
composed of  lithium bromide dissolved in acetronitrile and sulfur 
dioxide, which also served as the cathodic reactant. The cell 
closure employed was  a  glass  to metal hermetic seal. The  cell 
venting designs were of several types. The internal cell compon- 
ents  also varied in  physical  dimensions and design. The  lithium 
anode had a range of thicknesses and surface areas. Anode current 
collectors  were employed in  some  designs, and not in others. The 
cathodes were composed of carbon/teflon having 5% teflon. The 
methods used to  press  the carbon/teflon mixture  into the aluminum 
grid was by rolled-pressing in which both sides  were covered with 
the mix. Subsequent  drying  of  the  cathodes  was performed at 150 
to 200 C usually under  vacuum. 

The cell discharge  tests  were performed with  a  North  Hills 
Constant  Current Source. High  currents were obtained from a Kepco 
Power Supply. The  current  was measured through  a  Weston 50 mV 
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shunt with a Keithley  Digital Voltmeter. A type-T thermocouple 
was  attached to  the outside  steel  casing of the  cell  to measure 
the temperature. A  Standard (TB/2) Environmental Chamber was used 
to control  the  external  temperature of the cell. 

Water determinations  were  performed  in  a Karl Fischer Aquam- 
eter (Photovolt  Aquatest 11). This  apparatus performed the titra- 
tions,  coulometrically, and the results, in micrograms of water, 
were  automatically  recorded on a  digital meter. Vacuum drying  at 
various  temperatures and weighing of  solids was another method 
used for water determinations. 

The internal  resistance  was  determined by applying a  constant 
current  pulse through a mercury-wetted relay (Clare HGS-5114); the 
voltage and current  traces  were tracked with  a Tektronix 556  scope 
and photographed for  record. 

The  free cyanide (CN-) content of forced discharged cells 
was determined by a  spectrophotographic  (Beckman Mdl  DU) 
method8. Each discharged  cell is mechanically  disassembled and 
its internal components placed into one liter of approximately 1 N 
sodium  hydroxide solution. An  aliquot of  this solution  is buf- 
fered to pH6 then oxidized with 1% chloramine T to form cyanogen 
chloride (CNCL); subsequently,  the  cyanogen  chloride formed is 
reacted with the  acidified barbituric acid-pyridine solution. The 
resulting pink colored solution  representing  a  cyanide  complex  has 
an  absorption maximum near 580 nm. Absorption measurements of 
samples  are compared with standard curve for (CN-). 

Results and Discussion 
Storage 

The experiments were performed to  evaluate  the  cells after 
long-term room  temperature storage. In  Table  1 the data for fresh 
cells is given for comparison purposes. The  lithium sulfur- 
dioxide  cells, stored for two years,  were  of three types: 1. 
excess  lithium, 2. balanced and 3 .  lithium-limited. Another 
variable considered was that the balanced cells with respect to 
lithium and sulfur-dioxide  (stoichiometrically) contained a  con- 
tinuous  current collector along the  complete anode. As  shown the 
cells, after storage, rtained a  large  amount  of capacity. The 
cells discharged at 0.5 amperes,  however, showed less degrada- 
tion. Those  cells which had the  continuous collector also  out- 
performed the lithium-limited cells having isolated tabs as cur- 
rent collectors. 

The  cells stored for five years were hermetically-sealed and 
also contained an anode with a  continuous  current collector. 
These  cells  delivered  a  capacity of 9 Ah at a  medium rate of 0.5 
amperes and 5.9 Ah at a moderately-high current of 2 amperes. 
Though,  the higher rate appeared to  have  a greater effect on the 
capacity retention, the overall cell storageability  was rather 
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remarkable a t  room temperature.  Figure 1 shows a comparison of 
three  squat-D  cells  having a Li/SO2 r a t i o  of 1 . 0 ,  1.1 and 1 . 4 7 ,  
discharged a t  0 .5  amperes a f t e r   fou r   yea r s   s to rage   a t  room temper- 
a tu re .  The capacity  obtained was 7 . 8 ,   8 . 7 ,  and 9 . 5  Ah, respec- 
t i v e l y ,  which represents  more than 95% of t h e   i n i t i a l   c a p a c i t y .  

I n  Table 2 t h e   e f f e c t s  of h i g h  temperature   s torage  are   pre-  
s en ted ;   t he   ce l l s  were discharged a t  2 amperes. A decrease i n  
ava i lab le   capac i ty  was obtained from c e l l s ,  having  been  stored a t  
7 1  C ,  af ter   previous  s torage  for   a lmost  two y e a r s   a t  room tempera- 
t u r e ;  a comparison w i t h  t he  two year room temperature  data i n  
Table 1 makes t h i s  qu i te   ev ident   for   bo th   the   l i th ium-l imi ted  and 
excess   type   ce l l s .  A f u r t h e r  room temperature  storage of seven 
months following 1 month a t  7 1  C shows t h a t   t h e   c e l l s  underwent a 
f u r t h e r   l o s s  i n  capaci ty .  T h i s  most l i k e l y   i n d i c a t e s   t h a t   t h e  
reac t ions   in i t ia ted   a t   the   h igh   tempera ture   cont inued   a t  a lower 
r a t e   a t  room temperature. 

Further  evidence  of t h i s  phenomena is  presented i n  Table 3 .  
T h i s  group  of c e l l s  i s  of a d i f f e ren t   l o t   t han   t hose  i n  Tables 1 
and 2 .  These c e l l s  were a l so   d i scha rged   a t  2 amperes after  having 
undergone two types of s torage .  The da ta   ob ta ined   i n i t i a l ly  
showed a r e l a t i v e l y  good capaci ty   for   l i thium-balanced  cel ls .  
However, a f t e r   s t o r a g e   a t  7 1  C ,  t h e   c e l l s  showed a capacity  de- 
crease  greater   than  ten  percent  which i s  more than  expected  after 
h i g h  temperature  storage.  An even  greater  decrease i n  capaci ty  
was obtained from these   a f te r   wai t ing  an addi t ional   per iod of two 
and one-half  months a t  room temperature.   These  cells ,  however, 
showed a grea te r  randomness and  an increase i n  i n t e rna l   r e s i s t ance .  

Some possible   reasons  for  t h i s  l a rge   capac i ty   loss   a re :  1) A 
current   path was formed across   the   g lass  t o  metal   seal ;  2 )  The 
electrolyte  decomposition which commenced dur ing   s torage   a t  7 1  C 
cont inued   fur ther   a t  room temperature; and 3 )  An anodic  poisoning 
or  contamination  took  place which was i r revers ib le .   Analys is  of 
t he   ce l l s   (Tab le  3 )  i nd ica t ed   t ha t   t he   f r e sh   ce l l s   con ta ined  
water,   as much a s ,  4 0 0 0  t o  5 0 0 0  par ts   per   mil l ion  as  compared t o  
the normal ce l l s   r ange  of 1 0 0 0  t o  2 0 0 0  p a r t s  per  mill ion.  A fur -  
ther  examination of the  s tored,   undischarged  cel ls   revealed  that  a 
grayish-green  viscous  l iquid had formed;   these   ce l l s   a l so  d i s -  
played  very l i t t l e   p r e s s u r e .  These f i n d i n g s  seemed t o   i n d i c a t e  
tha t   e l ec t ro ly t e   deg rada t ion  had taken  place!   Also,   in ternal   re-  
s i s t ance  measurements  of  these  cells   indicated  that  a s u b s t a n t i a l  
increase had occurred  as shown i n  Table 3 .  A fu r the r  s t u d y  of t he  
g l a s s   t o   me ta l   s ea l  showed t h a t  i n  some c e l l s  a current   path had 
been  formed  between the   pos i t i ve   pos t  and the  header.  The above 
observations seem to   i nd ica t e   t ha t   s e l f -d i scha rge  had occurred i n  
some c e l l s   o n l y .  

An ana lys i s  of o t h e r   c e l l s  showed t h a t   l e s s   t h a n  a mill igram 
per m i l l i l i t e r  of i ron  was present  i n  the   solut ion.  To determine 
t h e   e f f e c t s  of i ron  o n  the  anode,  experiments were  conducted w i t h  
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a solution  of  lithium  bromide,  acetronitrile, sulfur dioxide, and 
0.5 milligrams  per  milliliter  of  the  ferrous ion. A lithium  anode 
was placed in the  solution and open  circuit  potential  versus a 
0.01 molar-silver nitrate, silver electrode  was monitored. Within 
a period of one hour the potential began to decrease. The lithium 
metal was  left  in  the  solution for 72  hours  at  which time a 
current-voltage profile  was determined. These  measurements  are 
shown  in Fig. 2. A fresh  lithium  anode  was  then introduced into 
the solution; the current-voltage  curve  was  also measured. A com- 
parison  of  the  two  curves  shows  that  large  differences in poten- 
tial between the fresh and stored lithium  occurred above 1 milli- 
ampere per square centimeter. Current-voltage  curves  of  stored 
cells, (71 C-1 mo., 2.5 mo - RT) with and without iron appear to 
correlate  wilth  the  lithium  anode studies. Although,  the  contami- 
nation of the lithium anode with  iron  (possibly causing local cell 
action)  cannot be put forth as the  only  cause of the  cell  degrada- 
tion, it is a possibility  in  cells  which are contaminated wilh 
water gnd having  iron available. It  has been previously  re- 
ported that water enhanced the  rea ion of sulfur dioxide  with 
the bromide ion;  whereas other workEb concluded that less than 
100  parts per million did not  contribute to this reaction. There- 
fore, in addition  to  its  effect on the electrolyte  of the cell, 
water and iron also appear to  contribute to the  degradation of the 
lithium anode. 

Temperature  Performance and Safety 

The  previous  studies2  have  discussed the correlation derived 
experimentally  between lithium-sulfur dioxide  stoichiometry and 
the rate of cell  discharge  at room temperature. However, as the 
temperature  was  decreased the efficiency  of the carbon  cathode  was 
found to decrease. An  example  of  this is shown  in Fig. 3 .  The 
cells were  discharged at -30 C under 2 amperes  constant current. 
The  capacity  to  the 2 volt cut-off was  found  to be slightly 
greater than 4 Ah. This represents  about fifty percent of the 
room temperature capacity. However,  the  voltage did not reverse 
until almost 8 Ah had been discharged  from the cell. This factor 
was rather important because the  cell  did  not  overheat and the 
formation of dendritic  lithium did not take place. At the point 
of  the  voltage  inflection  about  eighty  percent of the  available 
lithium had been consumed;  hence, the remaining sulfur dioxide 
served as a protective layer even  at the increased temperatures. 
When the current was increased to 3 amperes (Fig. 3 )  and tempera- 
ture maintained at -30 C the  polarization  through voltage reversal 
occur red at 4 . 5  Ah. Under these conditions the available 1 ithium 
was in excess  of  fifty percent. The  deposition of dendritic  lith- 
ium at the cathode further contributed to the overall reactions. 
Hence,  when  the  voltage deflected (negative  direction) and then 
inflected (positive direction), a near tangential temperature rise 
took  place. The  cell vented following the  positive voltage in- 
flection; carbon  deposits were observed at vents. Hence, it ap- 
pears  that  the  current  limitations  at -30 C are more restrictive 
than at room temperature. 
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In Fig. 4,  the  stoichiometric  (coulombic) ratio of lithium to 
sulfur dioxide  was  correlated to current  density for D-cells and 
smaller under forced  overdischarge into voltage reversal. The 
data gathered at -30  C and room  temperature  are  representative of 
a number of experiments. The  relationship between stoichiometric 
ratio and current  density, rather than  current, was found  to be 
more meaningful in  that other cell sizes could also be related. 
In  this figure  two solid lines  are  shown  which  represent  room tem- 
perature and -30 C data. The  safe  region for the -30 C curve 
favors a lower ratio as compared to room  temperature and only ex- 
tends  to  7  milliamperes per square centimeter. This  was due  to 
the greater and more rapid polarization of  the carbon  cathode and 
the total cell;  hence,  an  inordinate  amount  of  electrical  energy 
was converted to harmful  heat energy. The unstable  region  (room 
temperature)  represents mixed results  in which some cells operated 
safely while others did not;  reasons for this may be due  to  the 
deviations  from the mean cell stoichiometry, in the negative man- 
ner. As  was  previously  communicated,  the  carbon  cathode  capacity 
was found to be an  important parameter in the overall  cell  de- 
sign. The third region, designated as unsafe,  represents  the dis- 
charge of a poorly designed cell. 

Disposal 

The  previous  studies2 found that  to  obtain  a  safe  operating 
cell over a  wide  range of currents,  temperature and even into 
voltage reversal, the Li/SO2 ration  should be 0.9 to 1.0. In 
addition to  this it was reported that  these (0.9 - 1.0) ratio D 
cells ielded the lowest  amount  of free cyanide  (CN-) upon anal- 
ysis2,r1. In  an attempt  to  determine  approximately  the  minimum 
concentration of sulfur dioxide needed to  protect  a  certain geo- 
metric area of lithium  anode,  a more precise method for predicting 
conditions and amounts of cyanide evolved. In  Table 4, three 
groups  of 4 squat D cells from the  same  lot  with Li/SO2 ratios 
of approximately 1.24 were discharged at 0.5A rate to various 
voltage cut-off points (2V, 1.7V, OV and 2  hours in reversal). To 
better understand the rate of cyanide  generation  in situ, a  group 
of cells  were  disassembled for (CN-)  analysis  at  post  discharge 
times  of  14,168 and 672 hours. In  Table 4 cells: 3 ,  10,  11 and 12 
all show  values  of (CN-) between 0.8 and 2.7 mg  per cell and 
approximately the same  capacity  to  2V cut off (7.65 Ah ave). By 
subtracting this  average  capacity  from 9.5 Ah  (ave SO2 capacity) 
the amount  of SO2 remaining in these four cells may be es imated 
as 1.85 Ah or 4.4 g S02: since the geometric  area (450  Cm ) of 
the  anodes and the  cyanide (CN') concentrations of  these  cells 
are  approximately  the  same, the minimum amount  of SO2 for pro- 
tection is postulated to be approximately 10 mg per square centi- 
meter (geometric  area) of lithium. In Fig. 5 an example of how 
one may predict the cyanide  concentration (CN-) is shown. 

3 
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In Fig. 6 the  coulombic  (stoichiometric)  ratio of lithium  to 
sulfur dioxide D cells  was correlated to  the milligrams of  free 
cyanide (CN') theoretically  generated  when sulfur dioxide is 
depleted in  the  presence  of  acetonitrile  solvent in situ. Experi- 
mental  findings of free  cyanide (CN-) in forced discharged D 
cells agreed within  15%  of  theoretical (Fig. 6) for  Li/SO2 
ratios 1.0 to 1.25. Cyanide (CN-) content of Li/SO2 ratio 0.9 
to 1.0 was 0.1 - 2 mg. This cyanide was probably generated from 
suspended  lithium  due to discontinuous  anodes  during discharge. 
At Li/SO2 ratios greater than 1.25 the  (CN-)  findings were 
limited  to  1,200 - 1,300 mg  per cell. This may be due  to  a 
diffusion  limitation  of the acetonitrile  from the cathode though 
the  cell  separator  (incrusted  with  reaction products: B-imino 
-nbutyronitrile, and lithium  cyanide)  to the anode or lithium. 

Environmental  Protection Agency's (EPA) minimum  concentration 
of  (CN-) in fresh water is 0.2 mg (CN-) per liter. l2  Also, 
EPA in their studies of ground water pollution from subsurface 
sanitary  fills indicated that  approximately 41 liters  of water per 
cubic meter of compacted s o l i g  would be needed to obtain this sat- 
uration  point  in  a landfill. From  this  data it is  thus  pos- 
sible to  calculate the concentration of (CN-)  which coul 
tolerated per cubic meter (m3)  of landfill: 8 mg (CN-)/m . 
From Fig. 6 it appears  that  a balanced cell  design could be dis- 
posed of both safely and economically. ERADCOM presently procures 
the balanced Li/SO2 ratio  cell and batteries. A sample  lot  of 
these  cells both fresh and discharged  were tested by Wapora, In- 
corporated for ERADCOM according to EPA requirements for hazardous 
wastes and found  nonhazardoyl under EPA guidelines,  Federal 
Register (18 December 1978) . 

!l be 

Conclusions: 

It has been  shown  that lithium-sulfur dioxide  cells can be 
stored at room temperature for five  years  without  a  significant 
loss in capacity. Storage at 71 C  can  cause  the  cells  to  degrade 
at a faster rate  especially if the cells  contain  a  significant 
quantity  of water. These  effects  were  observed on both capacty 
retention and higher voltage polarization. 

The  safe  operating  range of current  densities  at  -30  C  appears 
to be more restrictive than at  room  temperature when a cell was 
discharged into voltage reversal. This  limitation  is most likely 
due to the polariation  of the carbon cathode. 

It  has been postulated  that  approximately 10 mg SO2 is need- 
ed to  sustain  each cm2 (geometric area) of  lithium  ribbon  anode 
from reacting with  acetonitrile  at  room temperature. Also it was 
shown  that  the balanced Li/SO2 ratio  can be disposed  of both 
safely and economically in sanitary  landfills  because of the low 
(CN-) generation (0.1 - 2 mg CN-) including  cell  design varia- 
tions and because it is nonhazardous  according to EPA guidelines. 
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DISCUSSION 

BALLARD: What  was  the  ferrous  ion  contamination? 

DI MASI: It was 0.05 mg/ml of  solution.  I  found  about 1 or 2 
mg of ion  in  the  cells  with  the  ferrous ion: these  were  the  ones 
that failed. 
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SO n CELL ~1(11.76) = 1.2 50.1 
so* (9.49) 

PREDICTED  CONCEHTRATION OF CYANIDE (GI-) BASED ON THE  CHEMICAL  REACTION 

OF  EXCESS  ANODIC L I T H I U M  WITH ACETONITRILE  IN   THE  ABSENCE  OF  SULFUR  DIOXIDE (sop): 

2 L I  + 3 CH3CN - LICN + CHq t CH~CN-CHZCN- + LI' 

CALC: THEORECTICAL LI 11.8 AH 
TIIEORECTICAL SO2 9.5 PH 
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___. " 
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Li/SO2 CELL  PERFORMANCE 
S .  Cloyd 

Air Force  Aeropropulsion  Laboratory 

I should like to report on the  results  of testing a  pilot pro- 
duction cell that was generated for the Air Force under a manufac- 
turing technology program. 

To  give  some background,  the Air Force  Materials  Laboratory 
awarded a  contract  to  Honeywell Power Sources Center in 1976. The 
final  report  was  published in 1979. 

The  Materials  Laboratory was very patient  with the Aeropropul- 
sion  Lab  in  that  we did go through  several  design  changes  during 
this program. We went through a baseline of first and second en- 
gineering prototype  cells, and then  a  final  pilot  production  type 
cell, which was  generated in  1979. 

The testing of both the  first  engineering  prototype  cell and 
the pilot  production cell was accomplished at the Aeropropulsion 
Laboratory at  Wright Paterson. There are  a  considerable number of 
interesting differences between the two  types  of cells. 

As a  summary,  the key features in the  pilot  production  cell 
were as follows. Early on, all the industries found that the 
glass-to-metal seal  was important and so that is included. 

The  pilot  production  cell also included a lithium-limited com- 
position approach  to  coulombically balanced chemistry: I shall 
give you some of  the  numbers so that  you can put this cell on Mr. 
Di Masi's chart. 

Over a year ago the Air Force felt  that  the grid structure  in 
the lithium anode was going to be an important feature. S o ,  we 
have been working since October 1979  with  the grid Structure, and 
I think some of these results will fit  directly  with Mr. Levy's 
work. One  of  the other interesting things that the Air Force re- 
quire from the cell was  an  intermittent  storage  capability at 98 C 
(205F),  because  the  greenhouse  effect in the canopy of  an  aircraft 
on  a flight line  in  the  desert, for example,  can reach this tem- 
perature. At that  time  cells  were  not  capable  of withstanding 
such temperatures. Another interesting feature  was that we de- 
cided  that  no  voltage  delay whatsoever could be tolerated, and so 
we strove for an instantaneous voltage response. Specifically, 
this  cell  was  designed in a D/2 configuration  to be used initially 
in the PRC  112  Triservice Emergency Radio. Since then this 
technology passed on  to a A-size cell. 

These  features resulted in  a very high-reliability, high- 
integrity  cell  with  slightly  decreased  energy  densities,  gravi- 
metric and volumetric: we realized approximately 90 watt hours 
per pound and 6  watt  hours per cubic inch. We were willing to 
suffer these for the  sake  of the added safety features. 
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( F i g u r e   8 - 1 )  

The f i r s t   e n g i n e e r i n g   p r o t o t y p e  was e n t i r e l y   d i f f e r e n t   f r o m  
t h e  c e l l  t h a t  we a c t u a l l y   e n d e d  u p  wi th .   The   p ro to type   had  some 
f e a t u r e s   t h a t  I want t o   p o i n t   o u t   t o   y o u   s p e c i f i c a l l y  -- t h i s  is 
how we came a c r o s s  some o f   o u r   u n i q u e   c h a r a c t e r i s t i c s .  I t  d i d   n o t  
h a v e   2 0 5   c a p a b i l i t y ,   t h e   i n s t a n t a n e o u s   r e s p o n s e .  I want t o   p o i n t  
o u t   e x a c t l y   w h i c h   t h i n g s  w e  d i d   c h a n g e   d r a s t i c a l l y   i n   t h e   p r o d u c -  
t i o n   l o t .  

F i r s t  , t h e   v o l u m e  i s  v e r y   c l o s e   t o  a D/2 t y p e   s i z e  c e l l .  
The re  was no g r i d .  

By l o o k i n g  a t  t he   numbers ,   you   can  see t h a t  it was v e r y   d e f -  
i n i t e l y  a n o n - l i t h i u m - l i m i t e d   t y p e   c o n f i g u r a t i o n .  

T h e   o t h e r   k e y   f e a t u r e ,   w h i c h  may h a v e   h a d   s e v e r a l   r a m i f i c a -  
t i o n s ,  i s  t h e   f a c t   t h a t   t h e   f i r s t   e n g i n e e r i n g   p r o t o t y p e   c o n t a i n e d  
a 7 2 %   ( b y   w e i g h t )   s u l f u r   d i o x i d e ;   t h e r e  a r e  some d r a s t i c   d i f f e r -  
e n c e s  when t h a t   c o n c e n t r a t i o n  i s  changed .  I was i n t e r e s t e d   t o  see 
tha t  Mr. Levy d i d   n o t   d e a l   w i t h   a n y  of t h e   c o n c e n t r a t i o n s  of s u l -  
f u r   d i o x i d e   i n   t h a t   r e g a r d .  

( F i g u r e   8 - 2 )  

F i g u r e   8 - 2   s h o w s   t h e   f r e s h  c e l l  p e r f o r m a n c e   o f   t h e   f i r s t   e n -  
g i n e e r i n g   p r o t o t y p e .  I t  l o o k s  t e r r i b l e .  The re  was a b s o l u t e l y   n o  
c a p a c i t y  a t  t h e   c o l d  t e m p e r a t u r e  a t ,  s a y ,  400 mA i n  a D / 2 .  

V o l t a g e   d e l a y  was v e r y   e v i d e n t   b e l o w   - 2 9  C (-20 F )  and i n  some 
cases down around  -46 C (-50 F ) ,  -51  C ( - 6 0  F ) .  

If you w i l l  j u s t   k e e p   t h i s   p i c t u r e   i n  mind  when I show  you t h e  
p r o d u c t i o n   l o t ,   y o u  w i l l  see what a d r a s t i c  d i f f e r e n c e  we d i d  
r e a l i z e .  

( F i g u r e   8 - 3 )  

F igure   8 -3  i s  t h e  l a s t  c h a r t   f o r   t h e   f i r s t   e n g i n e e r i n g   p r o t o -  
type ,   and   you  m u s t  a l s o  keep t h i s   i n  mind when I show  you t h e   p r o -  
d u c t i o n   l o t   t e s t i n g .   T h i s   s h o w s  a r a t e  c a p a b i l i t y   t h a t  i s  r e a l l y  
n o t   v e r y   g o o d .  I do   no t   have  a l l  t h e s e   i n   t h e   f o r m   o f   c u r r e n t  
d e n s i t y ,   b u t   a p p r o x i m a t e l y   5 7 %  of r a t i n g   c a p a c i t y  is r e a l i z e d ;  
t h i s  i s  on ly   750  mA. The t r i a n g l e s   e i t h e r   s i d e   o f   t h e   p o i n t s  
i n d i c a t e  p l u s  o r   m i n u s   o n e   s t a n d a r d   d e v i a t i o n   f r o m   t h e   a r i t h m e t r i c  
a v e r a g e   ( t h e   p o i n t s )   o f  s i x  c e l l s .  

( F i g u r e   8 - 4 )  

I h a v e   m o r e   d a t a   o n   t h e   p i l o t   p r o d u c t i o n  c e l l ,  t o  show how 
some o f   t h e s e   d i f f e r e n c e s   c a u s e d   i m p r o v e d   p e r f o r m a n c e .  As f a r  as 
t h e   p h y s i c a l   c h a r a c t e r i s t i c s   o f   t h e   p i l o t   p r o d u c t i o n  c e l l  a re  con- 



c e r n e d ,  we d i d   i n c r e a s e   t h e   v o l u m e :  we g a v e   t h e   e l e c t r o l y t e  more 
room t o  expand:  w e  made it a s a f e r  c e l l :  and it can  now s t a n d   i n -  
t e r m i t t e n t   s t o r a g e  a t  205 F w i t h o u t   v e n t i n g .  

The re  were a l s o   c h a n g e s   i n   t h e   c a t h o d e ,   a n d  I have  a compari-  
s o n   c h a r t   f o r   t h a t .   T h e r e  was a g r i d   i n   t h e   a n o d e ,   w h i c h  was d e f -  
i n i t e l y   l i t h i u m - l i m i t e d   a n d   a p p r o a c h i n g  a ba lanced  c e l l ,  i f   n o t  
t r u l y   l i m i t e d .  

T h e   o t h e r   k e y   f e a t u r e  -- I am b e g i n n i n g   t o   b e l i e v e   t h i s  i s  
more  and  more  apparent  -- is a 6 4 . 4 %  ( b y   w e i g h t )   s u l f u r   d i o x i d e  
c o n c e n t r a t i o n   i n   t h e   e l e c t r o l y t e .  I r e a l l y   d o   b e l i e v e   t h a t   t h i s  
is now s t a r t i n g   t o  show u p  i n   o t h e r  ways  than j u s t  an  improvement  
i n   v o l t a g e   d e l a y  . I s h a l l   p o i n t  it o u t   a g a i n  as  w e  come t o  i t .  

( F i g u r e   8 - 5 )  

F i g u r e  8-5 is a c h a r t   o f   t h e   c o m p a r i s o n s   b e t w e e n   t h e  f i r s t  
e n g i n e e r i n g   p r o t o t y p e ,   w i t h   t h e   c o r e   p e r f o r m a n c e ,   a n d   t h e   p i l o t  
p r o d u c t i o n  c e l l .  A s  you  can see,  t h e r e   w e r e   s e v e r a l  s t r u c t u r a l  
c h a n g e s   i n   t h e   c a t h o d e .  

( F i g u r e   8 - 6 )  

Now, r e f e r   b a c k   t o   F i g u r e   8 - 2 .   F i g u r e  8-6 s h o w s   t h e   f r e s h  
c e l l  p e r f o r m a n c e   f o r   t h e   p i l o t   p r o d u c t i o n  c e l l .  There i s  a de-  
c r e a s e   i n   c a p a c i t y  a t  t h e  upper e n d   o f   t h e   t e m p e r a t u r e  s ca l e ,  b u t  
we knew t h i s .  T h e   c a p a c i t y   d e l i v e r e d   t h r o u g h  a r ange   o f   t empera -  
t u r e s  was l e v e l e d   o u t .  I t h i n k   t w o   t h i n g s   h a d  a b e a r i n g   h e r e :  
b o t h   t h e   g r i d   a n d   t h e   f a c t   t h a t  we had a l o w e r   c o n c e n t r a t   i o n   o f  
s u l f u r  d i o x i d e   i n   t h e   e l e c t r o l y t e .   T h e r e  was o n l y   o n e   d a t a   p o i n t  
i n   t h i s   g r a p h   t h a t  showed   any   vo l t age   de l ay   wha t soeve r .  I t  was a 
t r u e   d a t a   p o i n t  a t  -70F  a t  4 0 0  mA; i t  showed  approximate ly  a 5 
s e c o n d   v o l t a g e   d e l a y .  A l l  t h e   o t h e r   p o i n t s  showed  no   vo l tage   de-  
l a y   i n   t h e   f r e s h  c e l l  pe r fo rmance .  

( F i g u r e   8 - 7 )  

I i n c l u d e d   t h i s   c o m p u t e r   p l o t   t o  show t h a t   i n   f a c t  is was t h e  
o n l y   p o i n t   s h o w i n g   a n y   v o l t a g e   d e l a y   i n   f r e s h  c e l l  pe r fo rmance  a t  
t r u e  -70F.  

( F i g u r e   8 - 8 )  

F i g u r e  8-8  shows a p l o t   o f   d i s c h a r g e   v e r s u s   v a p a c i t y   f o r   t h e  
f i r s t   e n g i n e e r i n g   p r o t o t y p e .  We o n l y   w e n t   u p   t o   7 5 0  mA w i t h   t h e  
f i r s t  e n g i n e e r i n g   p r o t o t y p e .   T h i s   c h a r t   d e m o n s t r a t e s   t h a t   t h e  
g r i d   s t r u c t u r e   d r a s t i c a l l y   i m p r o v e d   t h e  r a t e  c a p a b i l i t y  of t h i s  
c e l l .  There was s t a t i s t i c a l l y  no l o s s   i n   c a p a c i t y   f r o m  50 mA u p  
t o  1 A ,  a n d   t h i s  is w i t h  a D/2 c e l l .  The c u r r e n t   d e n s i t y  is 
doub led .  A t  2 A w e  were g e t t i n g  7 0 %  o f   t h e   r a t e d   c a p a c i t y ,  4 . 2  A 
h .   A g a i n ,   t h e   c u r r e n t   d e n s i t y   d o u b l e d   f r o m  a D .  A t  4 A it was 
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53% Of capac i ty ,  a n d  a t  5 A and a D/2 c e l l ,  we s t i l l  r e a l i z i n g  
a p p r o x i m a t e l y  2 A h .  

( T a b l e  8-1 ) 

So t h a t  you w o u l d   h a v e   t h e   a c t u a l   n u m b e r s   i n   t h e   p r o c e e d i n g s ,  
I w a n t e d  t o  i n c l u d e   F i g u r e  8-1. I t  is j u s t  a g r a p h  of t h e  same 
t h i n g  I showed  you l a s t  time. D u r i n g  a l l  t h i s   e x c e s s i v e  r a t e  d i s -  
c h a r g e   t e s t i n g ,   t h e r e  were no  ce l l  f a i l u r e s ,   t h e r e  was n o   v o l t a g e  
d e l a y ,   t h e y  were a l l  a t  r o o m   t e m p e r a t u r e ,   a n d  a l l   c e l l s  had   had  
a p p r o x i m a t e l y  a y e a r   o f   r o o m   a m b i e n t   r a n d o m   o r i e n t a t i o n   s t o r a g e  
b e f o r e   t h e  t e s t .  I t  a l s o   g i v e s   t h e  maximum t e m p e r a t u r e s   t h e y  
r e a c h e d  a t  t h e   e n d   o f   t h e   d i s c h a r g e .  

I s h o u l d  l i k e  t o   b r i e f l y   s u m m a r i z e   a n d   j u s t   p r e s e n t   s o m e   d a t a  
t h a t  I g e n e r a t e d   u n d e r   t h e   A b u s e   T e s t   T y p e   C o m m i s s i o n s .  

( F i g u r e   8 - 9 )  

F i g u r e  8 -9   shows   t he  c e l l  s h o r t - c i r c u i t  t es t .  U n f o r t u n a t e l y  
it g o t  a l i t t l e  too  b i g .   V o l t a g e   a n d   c u r r e n t  a r e  o n   t h e   l e f t ,   a n d  
c e l l  t e m p e r a t u r e  i s  o n   t h e   r i g h t .  

T h i s  c e l l  was s h o r t - c i r c u i t e d  a t  room temperature and it d i d  
v e n t  a t  t h i s   p o i n t ,   a p p r o x i m a t e l y   1 . 7 5   m i n u t e s   i n t o   t h e   s h o r t  c i r -  
c u i t  a t  a maximum t e m p e r a t u r e   o f   a b o u t   4 7  C .  

S e v e r a l  c e l l s  were t e s t e d   t h i s  w a y ,   a n d   t h e   t e m p e r a t u r e  a t  t h e  
v e n t i n g  was w i t h i n  a d e g r e e   f o r   e a c h  c e l l ,  showing  a v e r y   h i g h  
r e l i a b i l i t y   i n   t h e   v e n t   m e c h a n i s m .  

( F i g u r e   8 - 1 0  1 

We d i d   m o s t   o f   o u r   a b u s e  tests a t  room t e m p e r a t u r e   a n d  a t  - 4 0  
t o  see w h a t   d i f f e r e n c e s   w o u l d   o c c u r   o w i n g  t o  i n e f f i c i e n c i e s   i n  
d i s c h a r g e .   T h e   o n l y   t h i n g s   t h a t   o c c u r r e d   d i f f e r e n t l y  were i n   t h e  
-40 C t e s t :  t h e   v e n t i n g   t h a t   d i d   o c c u r  was d e l a y e d   b y   a b o u t   1 . 2 5  
m i n u t e s   o w i n g  t o  t h e  c e l l  b e i n g   s o a k e d  a t  - 4 0   a n d   t h e n   b r o u g h t  
o u t   i n t o   t h e   r o o m   f o r   t h e  t e s t .  The maximum temperature was 
22  C.  I t  took a l i t t l e  l o n g e r   t o  warm u p ,   a n d  s o  t h e   c u r r e n t   d i d  
n o t   i n c r e a s e  as  f a s t  as  a t  r o o m   t e m p e r a t u r e .  

( F i g u r e   8 - 1 1 )  

We h a d   b e e n   w o r k i n g   w i t h   t h e  PRC 1 1 2 ,   a n d  so  we h a d   f o u r  c e l l s  
i n   t h e   b a t t e r y .  I p u t   f o u r   o f   t h e s e  D / 2  c e l l s  t o g e t h e r   i n t o   t h e  
f o u r   c o r n e r s   o f  a square c o n f i g u r a t i o n   a n d   t r i e d   t h e  t e s t  i n   t h i s  
f o u r - c e l l  s e r i e s  s t r i n g .  

Two c e l l s  v e n t e d  a t  a p p r o x i m a t e l y   1 . 7 5   m i n u t e s   a n d  1 . 9  m i n u t e s  
i n t o   t h e   s h o r t   c i r c u i t .  We a p p r o a c h e d   2 5  A ;  I b e l i e v e   t h a t  22.5A 
was t h e  maximum c u r r e n t   d e m o n s t r a t e d .  
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I h a v e  some temperature d a t a   h e r e .  One of t h e  ce l l s  v e n t e d  a t  
64 C ,  a n d   o n e  a t  6 5  C ;  t h e  maximum t e m p e r a t u r e   o f   t h e   b a t t e r y  was 
6 5  C.  T h a t  a l s o  s h o w s   t h e   o p e n - c i r c u i t   v o l t a g e  a t  t h e   e n d .  

( F i g u r e   8 - 1 2 )  

F i g u r e   8 - 1 2   s h o w s   t h e   d a t a  a t  - 4 0 ;   t h e  r e s u l t s  are  t h e  same, 
e x c e p t   t h a t   t h e   b a t t e r y   t e n d e d  t o  warm up a l i t t l e  more a t  t h e   e n d  
o f   t h e  t e s t .  

T h e   v e n t s  were d e l a y e d  till 2.5 or 2 . 6   m i n u t e s ;  it took them a 
l i t t l e  l o n g e r   t o  warm up. One c e l l  v e n t e d  a t  60 C and   one  a t  72  C .  

The maximum t e m p e r a t u r e  was a c t u a l l y   h i g h e r   t h a n   t h e  maximum 
o n e   t h a t   v e n t e d .  I t  warmed   up   fo r  a l i t t l e  w h i l e  a f t e r  it had 
b e e n   s h o r t   c i r c u i t e d .  

( F i g u r e   8 - 1 3 )  

We a l s o  went  t h r o u g h  a c e l l  p u n c t u r e  t e s t  a t  r o o m   t e m p e r a t u r e  
and  a t  -40 , a n d   p u n c t u r e   o c c u r r e d   a c t u a l l y   w h e r e   t h e   v o l t a g e  
s t a r t e d   t o   d e c r e a s e .  We d i d   g e t  some n o i s e .   T h e r e  were t e m p e r a -  
t u r e   i n c r e a s e s  of a p p r o x i m a t e l y  13 C .  The c e l l  d i d   n o t   v e n t .  
T h i s   w o u l d  s imula te  a piece o f   s h r a p n e l   g o i n g   i n t o  a r a d i o .  

( F i g u r e   8 - 1 4 )  

F igure   8 -14   shows t h e  r e s u l t s  of  a -4OC p u n c t u r e  t e s t .  The 
i n t e r e s t i n g   f e a t u r e  i s  t h a t   t h e   t e m p e r a t u r e   i n c r e a s e d   t o  a maximum 
of 23 C ,  and  it t r i e d   t o   h e a l   i t s e l f .  I a s s u m e   t h a t   t h i s  i s  f r o m  
c o r r o s i o n   a r o u n d   t h e   n a i l   t h a t  was l e f t   i n .  

( F i g u r e   8 - 1 5 )  

F i g u r e   8 - 1 5   s h o w s   t h e   r e s u l t s  o f  f o r c e d   d i s c h a r g e   t e s t i n g  a t  
300 mA c o n s t a n t   c u r r e n t .  I h a v e  a summary c h a r t ,  s o  I s h a l l   n o t  
l i n g e r   o n   a n y   o f   t h e s e .  

A l l  I w a n t   t o   s a y   h e r e  is t h a t ,   b e s i d e s   t h e r e   b e i n g   a b s o l u t e l y  
n o   r e a c t i o n  a t  a 300 mA r e v e r s a l   t o   a p p r o a c h i n g   1 0 0 %  of  t h e   c a p a c -  
i t y   i t s e l f ,   t h e   r e a s o n   f o r   t h e   t e m p e r a t u r e   d e c r e a s e  was t h a t   t h e  
t e c h n i c i a n   o p e n e d   t h e   d o o r ;  apa r t  f r o m   t h a t ,  i t  d i d   n o t   c o o l  o f f  
d u r i n g   d i s c h a r g e .  

T h e r e  was n o   r e a c t i o n .   T h e  c e l l  d i d   n o t   v e n t .   T h e  tempera- 
t u r e  i n c r e a s e d   a p p r o x i m a t e l y  6 C d u r i n g   t h e  time o f   t h e   r e v e r s a l ,  
t o  a maximum o f  24 C.  Excuse  me, a minimum o r  a maximun n e g a t i v e  
v o l t a g e  of - 2 . 5 V .   A g a i n ,   t h e r e  was n o   r e a c t i o n  a t  300 mA. 

( F i g u r e   8 - 1 6 )  
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A t  1 A  t h e r e  was a n   i n c r e a s e   o f  8 C d u r i n g   d i s c h a r g e .   T h e  max- 
imum t e m p e r a t u e   a t t a i n e d  was a p p r o x i m a t e l y  54 C .  However,  even 
t h o u g h   t h i s   c h a r t   s u g g e s t s   t h a t   v e n t i n g   o c c u r r e d ,  a v i d e o t a p e  re- 
c o r d e r   p l a y i n g   d u r i n g   t h e  t e s t  showed t h a t   t h e r e  was n o   v e n t i n g .  

Some p e o p l e  may remember t h a t   d u r i n g   r e v e r s a l  a v e r y  e r r a t i c  
v o l t a g e   p a t t e r n   c a n   b e   s e e n .   T h e   g r i d  s t r u c t u r e  d i d   n o t   a l l o w   f o r  
a l o t   o f   n o i s e ,   b u t   d i d   p r o v i d e   t h a t   c u r r e n t   p a t h   d u r i n g   r e v e r s a l  
t e s t i n g :  i t  j u s t   l e v e l e d   o f f ,   a n d  s o  w e  s h u t  it o f f   e v e n t u a l l y .  

( F i g u r e   8 - 1 7 )  

F o r   t h e  2 A r e v e r s a l  we d i d   h a v e  c e l l  v e n t i n g ,   f o l l o w e d  by a 
v e r y   s l i g h t   a m o u n t  of f l a m e .   T h e   w h o l e   v e n t i n g   p r o c e s s  lasts f o r  
o n l y   a b o u t  3 s e c o n d s .   T h i s  D/2 c e l l  i n c r e a s e d   1 3  C d u r i n g   d i s -  
charge ,   and  a maximum t e m p e r a t u r e   o f  67 C was r e a c h e d  a t  t h e  time 
o f   v e n t i n g .  

(Tab le   8 -2 )  

To s u m m a r i z e   t h e   f o r c e d   d i s c h a r g e  t e s t ,  I s h o u l d  l i k e  t o   p o i n t  
o u t   t h e   c u r r e n t   d e n s i t i e s   i n v o l v e d .   T h i s  maximum t e m p e r a t u r e   o c -  
c u r s   d u r i n g   t h e   r e v e r s a l   p r o c e s s .  300  mA is t h e  r a t e d  v o l t a g e   o f  
t h e  c e l l .  We s h a l l   d e l a y   r e v e r s a l  a t  - 4 0  t o   c o n n e c t   w i t h  
Mr. D i  Masi's. I t h i n k   t h e s e   w o u l d   b e   v i a b l e   d a t a   p o i n t s  t o  i n -  
c l u d e   o n   y o u r   c h a r t .  

( F i g u r e   8 - 1 8 )  

The s u l f u r   d i o x i d e   c o n c e n t r a t i o n  w i l l  b e   i m p o r t a n t  as r e g a r d s  
s t o r a g e .  We h a v e   s h e l l s   o f   t h e   p r o d u c t i o n   t y p e ,   l i t h i u m   w i t h  a 
g r i d ,  on c o l d   s t o r a g e ,   a n d  we h a v e   c o m p l e t e d   t h e   h o t  tests a t  t h i s  
p o i n t .   A g a i n ,   t h e   t o p   a n d   b o t t o m   p o i n t s   f r o m   t h e   d o t   r e p r e s e n t  
p l u s  o r  m i n u s   o n e   s t a n d a r d   d e v i a t i o n .   T h e s e  a r e  a t  0 C ,  and s t a -  
t i s t i c a l l y   t h e r e  i s  n o   d e c r e a s e   i n   c a p a c i t y   o v e r   o n e   y e a r .  

I t h i n k  we do have  ce l l s  on tests f o r   f i v e   y e a r s   i n   e a c h   c o n -  
d i t i o n  ; t h e  t e s t  i n c l u d e s   t e s t i n g  of  s i x  c e l l s .  

A t  room t e m p e r a t u r e   t h e r e  is o n e   t h i n g   t h a t  I c a n n o t   d e s c r i b e .  

( F i g u r e   8 - 1 9 )  

F i r s t ,   s t a t i s t i c a l l y   t h e r e  is o n l y  a s l i g h t  decrease o v e r   t h e  
o n e   y e a r   o f   s t o r a g e :   t h e  c e l l s  a re  a l l  s t o r e d   u p r i g h t  a t  room tem- 
p e r a t u r e .  

I am s t a r t i n g   t o  see a s l i g h t   i n c r e a s e   i n   t h e   v a r i a t i o n   i n   t h e  
c e l l s :  t h i s  makes sense .   However ,  I c a n n o t   e x p l a i n   t h a t   p o i n t .  I 
d o   n o t  know  why i t  d i d   t h a t .  I t  m u s t  h a v e   b e e n   s i m p l y   t h e   s t a t i s -  
t i c a l  sample. We s h a l l   a l s o   b e   d o i n g   t h i s  t e s t  f o r   f i v e   y e a r s .  
Here is  w h e r e   t h e   i n t e r e s t i n g   p a r t  comes  in .  
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T h e s e  a l l  u s e d   t h e  b l u e  g l a s s ,   H o n e y w e l l ' s   o l d   s t a n d a r d  s e a l ,  
b u t   h a v e  now s w i t c h e d  t o  a new s t a n d a r d   w h i t e   F u s i t e   g l a s s .  I 
h a v e   j u s t  a few c o m m e n t s   a b o u t   t h i s .  

( F i g u r e   8 - 2 0 )  

F i g u r e   8 - 2 0   s h o w s   t h e   e l e v a t e d   t e m p e r a t u r e   s t o r a g e  a t  7 1  C 
( 1 6 0   F )   n o t   6 0  C ( 1 4 0   F ) ;   t h e  two c u r v e s   r e p r e s e n t   c a p a c i t y  a t  
300 mA l o a d  a t  room t e m p e r a t u r e   a n d  a t  -40 . I am m i s s i n g   t h a t  
p o i n t   t h e r e ,   b u t   t h i s  was a c t u a l l y   s t o r e d  a t  7 1  C ( 1 6 0   F )   f o r   t h a t  
time, a n d   t h e n   c o l d   s o a k e d   a n d   d i s c h a r g e d  a t  -40  . 

I am g o i n g   t o   m e n t i o n  a f e w   c h a r a c t e r i s t i c s   t h a t  w e  o b s e r v e d  
h e r e .   F i r s t ,   t h e r e  are  s i x  c e l l s  p e r   c o n d i t i o n .   D u r i n g  a l l  t h e  
t e s t i n g ,   t h r o u g h   t h e   n i n e   m o n t h s   o f   h i g h - t e m p e r a t u r e   s t o r a g e ,  we 
h a d   n o t   o n e   v e n t i n g .  We d e t e c t e d   n o   l e a k a g e .   T h e s e  c e l l s  were 
c h e c k e d   a b o u t   o n c e  a w e e k .  

T h e r e  was no  r e a l  s i g n i f i c a n t   v a r i a n c e   i n   t h e i r   d i s c h a r g e s  
u n t i l   a b o u t   t h e   s i x t h  or s e v e n t h   m o n t h ,  when i t  s t a r t e d   t o   g r o w .  
T h i s  i s  a l i t t l e  b e t t e r   t h a n   w h a t  Dr. Levy  had  shown. 

T h a t  is t h e   k e y   f e a t u r e   a b o u t   t h e   6 4 %   s u l f u r   d i o x i d e   e l e c t r o -  
l y t e .  

A t  e i g h t   m o n t h s   t h e   a v e r a g e  was o n l y   3 8 %   d e c r e a s e   i n   c a p a c i t y  
f r o m   o u r   f r e s h  c e l l s ,  a t  r o o m   t e m p e r a t u r e .  

Now f o r  some o f   t h e   b a d  p a r t s :  

A s  e a r l y  as  t h e   s e c o n d   m o n t h  w e  d i d   o b s e r v e   o n e  c e l l  w i t h   o p e n  
c i r c u i t   v o l t a g e  abou t   3 .34V,   and  so we a r e  s t a r t i n g  t o  g e t   t h i s  
r e a c t i o n .   T h a t  c e l l  on ly   showed  a d e c r e a s e   i n   c a p a c i t y   o f   a b o u t  
1 2 %  o f   w h a t   t h e  r e s t   o f   t h e m   h a d .  

So a t  t h a t  t ime,  e v e n t   t h o u g h  it h a d   t h e   o p e n  c i r c u i t  v o l t a g e  
h i g h ,  i t  was n o t   g r e a t l y   a f f e c t i n g   t h e   c a p a c i t y .  

A t  t h e  -40  d i s c h a r g e ,   t h e   f i r s t  time w e  h a d   s e e n  a v o l t a g e  
d e l a y  was d u r i n g   t h e   f o u r t h   m o n t h .   T h i s  was a t  300 mA. Thus ,  
t h e s e   p o i n t s  a t  t h e   s e c o n d   a n d   t h i r d   m o n t h  a t  4 0  , a f t e r   7 1  C ( 1 6 0  
F) s t o r a g e ,   s h o w e d   n o   v o l t a g e   d e l a y .   T h e   f o u r t h   m o n t h   d i s c h a r g e  
a t  -40 was t h e   f i r s t   o n e ,   a n d   s h o w e d  a d e l a y   o f   a b o u t   f i v e  sec- 
o n d s .  

D u r i n g   t h e   f i f t h   m o n t h  a t  t h e   7 0   d i s c h a r g e ,  w e  l o s t  our f i r s t  
c e l l  owing t o  n o   c a p a c i t y .  

D u r i n g   t h e   s e v e n t h   m o n t h  a t  t h e   7 0   d i s c h a r g e ,   t h e y  were a l l  
good,   and   showed  no   de lay .  One c e l l  d i d   h a v e   a n   o p e n - c i r c u i t  
v o l t a g e  of 3.26V.  However, t h a t   t u r n e d   o u t   t o  be t h e   h i g h e s t  ca- 
p a c i t y  c e l l  o f   t h e   g r o u p .  
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And s o  I t h i n k   t h a t  implies t h a t   t h i s   h i g h e r   o p e n - c i r c u i t  
v o l t a g e   d o e s   h a v e   t o  e x i s t  f o r  a w h i l e   b e f o r e  it a f f e c t s  capac- 
i t y .  We ended   up   w i th  a c a p a c i t y   o f  2 .99  A h.  

D u r i n g   t h e   n i n t h   m o n t h  a t  t h e  70  d i s c h a r g e ,   t h e r e  were t h r e e  
ce l l s  w i t h  7 0 %  o f   f r e s h   c a p a c i t y ,   w h i c h  I t h o u g h t  was t r u l y  re- 
markable. 

1 h a v e   o n e   o t h e r  comment b e f o r e   c o n c l u d i n g .  We d i d   w a n t   t o  
v e r i f y   t h e  86 C ( 2 0 5  F )  c a p a b i l i t y .  

( F i g u r e   8 - 2 1 )  

A s  s u c h ,  w e  w e n t   t h r o u g h   t e m p e r a t u r e   c y c l i n g .   U n f o r t u n a t e l y ,  
a t  t h i s   p o i n t   i n  t h e  tests I d i d  n o t   h a v e  many c e l l s  l e f t ,  and I 
o n l y   h a d   f o u r  c e l l s  w i t h   t h e   o l d  b l u e  g l a s s .  And o n e   w i t h   t h e  new 
s e a l  a s  I show it ,  as t h e   w h i t e   g l a s s ,  F u s i t e  g l a s s .  

A l l  t h e  c e l l s  h a d   t h e   o n e - y e a r   a m b i e n t   s t o r a g e  a t  random o r i -  
e n t a t i o n   b e f o r e   t h e y  were p u t  t h r o u g h   t h i s  temperature c y c l i n g  
r e g i m e :   f r o m   r o o m   t e m p e r a t u r e   o v e r n i g h t   t o   t w o   h o u r s  a t  160 F up 
t o   o n e   h o u r   t h e n  a t  205 F ,  back down t o  160 F f o r  two  hours,   and 
t h e n  back t o  room t e m p e r a t u r e   o v e r n i g h t .  

T h i s   t e m p e r a t u r e   c y c l i n g   r e g i m e  was f o l l o w e d   f i v e   d a y s  per 
w e e k  f o r  a t o t a l   o f   f o u r  weeks. A t  t h e   e n d   o f   e a c h  w e e k  t h e   f i v e  
ce l l s  were removed. No v o l t a g e   d e l a y  was e v e r   e x p e r i e n c e d .   T h e s e  
were a l l  d i s h c a r g e d  a t  300 mA. There  was n o   v e n t i n g ,   a n d   n o  
l e a d s ,   a n d   t h e   s t a n d a r d   d e v i a t i o n   o f   t h e s e  ce l l s  was v e r y  s imi la r  
t o   t h a t   o f   o u r   o n e   y e a r  room  ambien t   s to rage .  I t h i n k   t h i s   d o e s  
d e f i n i t e l y   d e m o n s t r a t e   t h e   2 0 5  F s t o r a g e   c a p a b i l i t y .  

I n   c o n c l u s i o n ,  we r e a l i z e   t h a t  w e  were g o i n g   s u f f e r  some e n e r -  
gy d e n s i t i e s   o v e r   w h a t   c o u l d  be o b t a i n e d   f r o m  l i t h i u m  s u l f u r   d i o x -  
i d e .  However, t h e  A e r o p r o p u l s i o n   L a b o r a t o r y  f e l t  t h a t   w h a t  w e  
wanted t o  p u t  o u t   i n t o   t h e   f i e l d  was t h e   s a f e s t ,   m o s t  r e l i a b l e  
c e l l  we c o u l d   g e n e r a t e .  

We s a i d  t h a t  w e  have  a g o o d   e n e r g y   d e n s i t y .  We were ab le  t o  
r educe  it a l i t t l e  and keep it s o  t h a t  i t  w a n t s   t o   s t a y   i n  t h e  can 
even  a t  205 F. 

T h e r e f o r e ,   w i t h   t h e  use o f   t h e   g r i d ,  a s  Mr. L e v y   h a s   d e s c r i b e d  
and  maybe w i t h  t h i s  6 4 %   e l e c t r o l y t e ,  you can  see a t remendous   per -  
f o r m a n c e   i n   l i t h i u m   s u l f u r   d i o x i d e .  
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DISCUSSION 

D I  MASI: Do y o u   a t t r i b u t e   t h a t   g o o d   c a p a c i t y   r e t e n t i o n   o n l y  
t o   t h e   r e d u c t i o n   o f   s u l f u r   d i o x i d e   a n d   t h e   g r i d ,   o r  are  t h e r e  
o t h e r   t h i n g s   t h a t   y o u   t h i n k  may h a v e   c o n t r i b u t e d ,  as well a s  a l -  
m o s t   t h e   e l i m i n a t i o n   o f   t h e   v o l t a g e   d e l a y ?  

CLOYD: I r e a l l y   d o   b e l i e v e   t h a t   t h e   v o l t a g e   d e l a y  was d i r e c t -  
l y   a s s o c i a t e d   t o   t h e  64% ( b y   w e i g h t )   o f   s u l f u r   d i o x i d e .   I n   c o n -  
v e r s a t i o n s   w i t h  Mr. L e v y ,   h e   s a y s   t h a t  a t  6 8 %  t h e y   d e f i n i t e l y  see 
it .  Well, a t  6 4 %  I d e f i n i t e l y   d i d   n o t ,   b u t  I d i d  a t  72%.  So I 
t h i n k   t h a t   h a s  a d e f i n i t e   b e a r i n g   o n   v o l t a g e   d e l a y .  

A s  f a r  as  c a p a c i t y   r e t e n t i o n  is  conce rned ,  I t h i n k   t h e   s t o r a g e  
o f   t h e   g l a s s - t o - m e t a l  seal  c o u l d   b e   a f f e c t e d  by t h e   s m a l l e r   a m o u n t  
o f   s u l f u r   d i o x i d e   i n   t h e   e l e c t r o l y t e .   I f  a s l i g h t l y   d e c r e a s e d  
c a p a c i t y   c a n   b e   t o l e r a t e d ,   t h e s e   d a t a  may show t h a t  we c a n   s t o r e  
them  fo r  a long  time w i t h   s t a n d a r d   g l a s s .   T h e  new g l a s s  w i l l  make  
i t  e v e n   b e t t e r .  

D I  MASI: Do y o u   t h i n k   t h a t   o t h e r   c o n t a m i n a n t s  may a f f e c t  
t h a t ?  Were t h e s e  c e l l s  n o t   s p e c i a l l y  made, i n  a s e n s e ,   w i t h  re- 
g a r d   t o   c a t h o d e s ?  

CLOYD: Changes were made i n   c a t h o d e   s t r u c t u r e .  One t h i n g  
t h a t  made t h e m   s p e c i a l  was t h a t   t h e y   h a d   w a i t e d  s o  l o n g   t h a t   t h e y  
had t o  g o   t h r o u g h   a n   a d d i t i o n a l   d r y i n g   s t e p   i n   t h e   c a t h o d e .  

So, it c o u l d   b e   t h a t   t h e r e  was lesser  a smaller amount  of 
w a t e r   i n   w h a t  a n o r m a l   p r o d u c t i o n  c e l l .  Tha t  i s  r e a l l y   t h e   o n l y  
d i f f e r e n t   t h i n g .  I t  c o u l d   v e r y  well  c o u l d   h a v e   h a d   t h a t   e f f e c t .  

FRANK: Did  you measure y o u r   v o l t a g e  r a i s e  on a t i m e s c a l e   o f  
less t h a n  a m i l l i s e c o n d ?  

CLOYD: No. Our computer   on ly   goes  down t o   a b o u t   o n e   s e c o n d  
when w e  a r e   r e a d i n g   s e v e r a l  c e l l s .  However, w e  can  see it  i f  it 
l a s t s  longe r   t han   one   s econd .   In  some s i t u a t i o n s  we d i d  see t h a t  
it was less than   one   s econd .  We d i d   n o t   h a v e   t h e   c a p a b i l i t y   t o  
measure i t  i n s t a n t a n e o u s l y .  

CHODOSH: Would you care  t o  comment on how the  opt imum  con-  
c e n t r a t i o n   o f  6 4 %  was s e l e c t e d ?  

CLOYD: I have   no   i dea .  Mr. Blagdon  f rom  Honeywell  may be  
a b l e   t o   a n s w e r   t h a t .  I do know t h a t   t h e y  a re  now around 6 8 % .  S o  
what w e  h a v e   h e r e  is d i f f e r e n t   f r o m   w h a t   t h e y  a re  p u t t i n g   o u t  a t  
t h i s   p o i n t  as f a r  a s  p e r c e n t a g e   o f   s u l f u r   d i o x i d e   b y   w e i g h t .  We 
have  a d e c r e a s e   i n   s u l f u r   d i o x i d e   c o n c e n t r a t i o n .  

CHODOSH: I f  I u n d e r s t a n d   y o u   c o r r e c t l y ,   t h e y  a re  now u s i n g  
68% s u l f u r   d i o x i d e ?  

CLOYD: I t h i n k  so.  



SUKlARY OF 
HIGH RATE  DISCHARGE TESTl l lG 

CURREIIT (MPS) 

1.00 

1.50 

2.00 

2.50 

3.00 

3.50 

4 .OO 

5.00 

I I 

5 . 2 1  28OC 3.85 

6.94 I 32% I 2.83 

10.42 

12.15 

Table 8-1 

SULIIARY OF 

FORCED OVERD!SCHARGE TESTING 

54.C 

67°C 

OSSERVATIO'IS 

NO REACTION 

NO REACTIO'I 

Table 8-2 
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PHYSICAL  CHARACTERISTICS Of HALF '0" CELL 

FIRST [IIGIIIILRltlG PRDTIIIYPL 

__- PHYSICAL 

Outr idE  diameter 

V0l"lnc 
Length 

Weight 
Care thiCLnCss 

_" ELECTROOES 

Cathode 

Lenql h 
U l d t h  
T h i c h c r r  
nix w i g l l t  
Cathode arc" 

Anode (no g r i d 1  

Lcnqlh 
l l i d t h  
Thicl.nerr 
t fe ish t  
Capacity 

separator 

Length 
Wldth 
Weiqht 

1.324 i n .  
1.190 i n .  
1.64 id 
47.0 9 
0.017 i n .  

16.00 i n .  
0.65 in .  
0.016 i n .  

134 c d  
3.2 9 

18.5 I n .  

0.016 i n .  
0.65  in.  

6.50 AIIr 
1.68 g 

19.0  i n .  
0.85 i n .  
0.84 i n .  

15.0 cm3 
5 .7  AHr 

5.0  

4.0 

1.0 

0 

5.0- 

F i g u r e  8-2  

CAPACITY V S .  DlSC"44GE LO20 

(FIRST EIIGINEERIIIG PROTOTYPE) 
AT RCOY 1tHPERlTURE 

Length 
Width 
Th lckner r  
Mix  weight 
Cathode area 

I 
100 200 330 so0 SO0 600 700 80: 

OISCiiARGE CURRERT (mA) 

PHYSICAL  CHARACTERISTICS OF HALF "0" CELL 

PILOT PROOUCTlCIl 

1.324 i n .  
1.427 
7.98 i n . ]  

0.017 i n .  
58 qms. 

28 i n .  
.92 i n .  

4.2s  9mr. 
.03 i n .  

332 c.2 

G r i d   ( n i c k e l  metal) Height  

Width 
Length 

Th lckner r  
Wcighl 
C a w c i t y  

2.0 4"s. 
2 4 . 5  i n .  
.92 i n .  

1.33 gnr. 
,0070 i n .  

5 .14  AH 

Length (avq .1  
Width 
Weight 

E l e c t r o l y t e  (64.4  Ut. 1 SO21 

V O l r n P  
Theore t l ca l   rapac l t y  

28.9 i n .  

2.0  gms. 
1.125 i n .  

16.4 cc 
5.5 AH 

F i g u r e  8-3  
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FRESH  CELL  PERFOWdNCE 
EYALUATIOII 

(PRODUCTICW CELLS1 

C(IIPARISOII  OF PHYSlCAL CILRACTERISTICS 

(FIRST ENGltdiER1116  PROTOTYPE Y S .  PILOT PROOUCTION) 

1 s t  FPC PROOUCTIUII 

CATHOOi 

CarbonITeflon ew;o 9515 

Length  16.00 i n .  23.0 i n .  

U i d t h  0.65  i n .  0.92 in. 

Thicknar r  0.016 i n  0.03 i n  
332 m 2  AWd 134 cm2 

Conditio,,r 1 1 ~  bleat Treatrnrnt H m t  Treatment ( M d i t i o n J I   o v i n l ] )  

5. I 

4.c 

", 
3 9 3.0 
r 

B 
> 
L 2.0 

2 
u 

ELECTROLITE 72.0 blt. Z 502 ~. - 64.4  Ut.  Z SO2 
1.0 

EOE 
T h e o r e t i c a l  Capacity 6 .50  AH 5.14 All 

l l i c k e l   G n d  c w r e n t  c o l l e c t o r  110 G r i d  

F i g u r e  8-5 

U 10h.A OISCHARGE 

eL 2 0 b A  OISCH44GE 

F i g u r e  8-6 

0 1.0 2.0 3.0  4.0 5.0 

CURREln W ? S )  

F i g u r e  8-7 F i g u r e  8-8 
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I 

25.01 

CELL S110QT CIRCUIT TEST  AT ROO3 TE!:PEI:TURE 

4.G- 20.0 

].(r 15.0 - 
rn c 
2 
D 

u 
z 
Y 
5 
i 2.0- 10.0 

2 
2 
Y u 

1.0- 5.0 

""I 
0 0 1 2.0 1.0 1 . 0  5.0 

T l l l E  (!ll.'!UTES) 

F i g u r e  8-9 

CELL  SllflRT C IQCUIT  TEST  AT - I t I 'C 

4.0 

1.0 

F i g u r e  8-10 
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BATTERY SllORT ClKCUlT  TEST  AT ROOI' TEFPEjATURE 

TI"E (f!I!IUiES) 

F i g u r e  8-11 

EATTEQY SHORT CIRCUIT TEST  AT -4O'C 

F i g u r e  8-12 
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CELL PUNCTUZE TEST AT P.001: TEI:PEW\TURE 

l.:Ek- 1.0 2.0 3.0 4.0 5 . 0  6.0 7 0 8 

i 
F i g u r e  8-13 

CELL PUllCTURE TEST AT -4O'C 

1 

0 
-30 

-20 

-10 

F i g u r e  8-14 
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4.c 

3.0 

2.0 

1 .o - a 
3 
0 0  

Y 
0 

- 
5 -1.0 
0' 
j -2.0 
Y " 

-3.0 

-4.0 

-5.0 

I 

FORCED OVERDISCIIARCE  TEST AT 
3 0 0 d  CONSTAflT CURRENT 

-CELL CURREhT 

-CELL Y O L T l E  

-CELL TOiIPLRITdX 1 
\ 

T I t E  (HOI!P.S) T l l i E  (HOURS) 

F i g u r e  8-15 
FOFCE9 OVEDDISCllfiF:? TEST 

1.0 A:I? AT P00:l TElIPEQqTURE 

ocv - 3 O I V  
N V  

7 

. B2Y 

i 
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CAPACITY VS STORAGE TII,!E 
AT LOH TEIIPERATURE 10°C) 

(PR0DUCTIO:I CELLS) 

CIPACIlI VS. STORlliE TIRE 
AT R O M  T l P E R A T U R f  
IQPOOULTIOII CELLS) 

5.0- 

C! 
4.0- 

.i 3.0 - 

3 2 .0 -  

1.0- 

5.0 - 

0 
3 . 3  - 

; 3.0 - 

0 
1.0 - 

1.0 - 

0 -7- 
I 

F igu re   8 -18  

STORACE T W E  AT ELEVATE3  TE'PEQAICRE (160OFl 
CAPACITY AT E?O! TE'FERATZQE TI0 -4OOF V S .  

(P#ODUilI@3 CELLS) 

H 

n" 

H 

I H 

F i g u r e   8 - 1 9  

I X I E R  EXTRE!IE  TEHPEQfiTUPE CYCLI!IG 
CAPPCITY VS SlOR4C.E T I " €  

3 . 0 1  4.0j e R 5 

I I I I I 
I P 6 1 E 5 

I 1 

F i g u r e  8-20 
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F i g u r e   8 - 2 1  
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ALTUS SMALL BUTTON CELL PERFORMANCE 
C .  Freeman,  F.  B i s ,  D. Warbur ton  

N a v a l   S u r f a c e   W e a p o n s  Center 

I s h o u l d  l i k e  t o  d i s c u s s   t h e   r e s u l t s   o f  some t e s t i n g  we per- 
f o r m e d   o n   A l t u s   l i t h i u m   t h i o n y l   c h l o r d i e   ( L i / S O C 1 2 )  c e l l s  manu- 
f a c t u r e d   i n   1 9 7 8 .   T h e s e  tests were t o  e v a l u a t e   s a f e t y   a n d  per- 
fo rmance   unde r  a r e a l i s t i c  s e t  o f   f l e e t   c o n d i t i o n s .  

S i n c e   t h e   m a n u f a c t u r e  of t h e s e  ce l l s ,  t h e   A l t u s   t e c h n o l o g y   h a s  
u n d e r g o n e  a l o t   o f   i m p r o v e m e n t .   H o w e v e r ,   t h e s e   r e s u l t s  a re  still- 
i m p o r t a n t   i n   t h a t   t h e y   s e r v e  as a benchmark for  t h e   e v a l u a t i o n  of 
t h e  new t e c h n o l o g y .  

We t e s t e d  6 0  d i s c - s h a p e d  c e l l s  o f   0 .2   and  1 .5  A h c a p a c i t i e s ;  
t w e n t y   e a c h  of t h e   1 0 1  low r a t e ,  t h e   1 0 1   h i g h  r a t e ,  a n d   t h e   4 0 2  
ce l l s .  

( F i g u r e   9 - 1 )  

F i g u r e   9 - 1   s h o w s   t h e   t w o  c e l l  s i z e s .  The   101  low r a t e  a n d   t h e  
1 0 1  h i g h  r a t e  h a v e  a c a p a c i t y   o f   0 . 2  A h a n d   t h e   4 0 2  c e l l s  h a v e  a 
c a p a c i t y   o f   1 . 5  A h .  

The t e s t  p l a n  w e  f o l l o w e d   s i m u l a t e s   t h e   m i n e   e n v i r o n m e n t .  I t  
i n v o l v e s   n o n - d e s t r u c t i v e   t e s t i n g ,   r u g g e d n e s s   t e s t i n g ,   d e s t r u c t i v e  
t e s t i n g   a n d  a s t o r a g e   p r o g r a m   ( w h i c h  we c o u l d   n o t   i m p l e m e n t   b e -  
c a u s e   o f   c e r a m i c  s e a l  p r o b l e m s ) .  

T h e   n o n - d e s t r u c t i v e   t e s t i n g   i n v o l v e s   o p e n   c i r c u i t   v o l t a g e  
m e a s u r e m e n t s   i n i t i a l l y   o n  a l l  t h e  c e l l s ,  a l t e r n a t i n g   c u r r e n t  re- 
s i s t a n c e   m e a s u r e m e n t s   i n i t i a l l y   o n  a l l  t h e  c e l l s  a n d   c l o s e d -  
c i r c u i t   v o l t a g e   p u l s e s ,   2 0 s   o n   a n d  20s  t h r o u g h   1 0 0 0 , 1 0 0 , 1 0   a n d  1 
ohms a t  t e m p e r a t u r e s   o f   - 5 4 ,   - 3 6 ,   - 1 8 ,  -1, 21 ,   32 ,  54 a n d   7 1  C .  
T h e   p u r p o s e   o f   t h e   n o n - d e s t r u c t i v e   t e s t i n g  was t o   i n d i c a t e   a n y  
c e l l - t o - c e l l   v a r i a t i o n  o r  p r o d u c t   v a r i a b i l i t y   b e f o r e  w e  i m p l e -  
m e n t e d   t h e   r e s t  of t h e  t e s t  program.  

T h e   r u g g e d n e s s   t e s t i n g   i n v o l v e s   l o w - f r e q u e n c y   v i b r a t i o n ,  
h i g h - f r e q u e n c y   v i b r a t i o n   a n d   t w o - p h a s e   w a t e r   e n t r y   s h o c k  a t  tem- 
p e r a t u r e s   o f   - 5 4 ,   2 5   a n d   7 1  C .  I t  a l s o   i n v o l v e s   t h e r m a l   s h o c k ,   i n  
w h i c h   t h e  c e l l s  were b r o u g h t   f r o m  a c h a m b e r   c o n d i t i o n  a t  -64 C t o  
a c o n d i t i o n  a t  7 1  C .  T h e   l o w - f r e q u e n c y   v i b r a t i o n  simulates v i b r a -  
t i o n   e n c o u n t e r e d   i n   t r u c k   a n d   s h i p   t r a n s p o r t a t i o n ,   t h e   h i g h -  
f r e q u e n c y   v i b r a t i o n   s i m u l a t e s   v i b r a t i o n   e n c o u n t e r e d   i n   a i r c r a f t  
t r a n s p o r t a t i o n ,   a n d   t h e   t w o - p h a s e  water e n t r y   s h o c k   s i m u l a t e s   t h e  
t w o   s h o c k   p h a s e s   i n v o l v e d   i n   f r e e   f a l l   f r o m  a p l a n e   ( t h e  f i r s t  
p h a s e  is impact w i t h   t h e   w a t e r   a n d   t h e   s e c o n d   p h a s e  is t h e   d r a g  
f o r c e s ) .  
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Fina l ly ,   t he   des t ruc t ive   t e s t ing   i nvo lves   s ing le   ce l l  d i s -  
cha rge   a t  t h e  one-hour ra te   fol lowed by mul t i - t raversa l  of t h e  DC 
power supply ;   s ing le-ce l l   d i scharge   a t   the  four-month r a t e ;  
s h o r t - c i r c u i t   t e s t i n g   a t  room temperature  through 0 . 0 1  ohms; and 
oven heat ing of t h e   c e l l s .  

I shou ld   l i ke   t o   p re sen t  some of  our t e s t   r e s u l t s .  

(Figure 9-2) 

Figure 9-2 shows the  1 0  ohm pulse   da ta   as  a funct ion of tem- 
pera ture   for   the   th ree   ce l l   types .  Each pulse   represents  20 sec- 
onds.  Voltage  recovery  begins  around -18 C .  Below t h i s  tem- 
pe ra tu re ,   t he   po la r i za t ion   e f f ec t s  were too  great   for   vol tage  re-  
covery. 

These sp ikes   represent  a voltage  delay  of  approximately 2 sec- 
onds; a t  some mine app l i ca t ions  t h i s  is not  acceptable.  

(Figure 9-3) 

From our  pulse  data we generated  polarization  curves.  How- 
ever ,  owing to   t he   p rop r i e t a ry   na tu re  of the A l t u s  technology, we 
were unable to   accura te ly   ca lcu la te   cur ren t   dens i t ies .   Therefore ,  
we generated  our  curves  as a funct ion of res i s tance   loads   ra ther  
than   cur ren t   dens i t ies .   Curren t   dens i t ies ,  however, a re   increas-  
i n g .  

Figure 9-3a shows a comparison  of  the 1 0 1  low r a t e  and 1 0 1  
h i g h  r a t e   c e l l s .  The s o l i d   l i n e s   r e p r e s e n t   t h e  low r a t e   c e l l s ,  
and the   do t t ed   l i nes   t he   h igh   r a t e   ce l l s .   F igu re  9-3b shows re- 
sults for   the 4 0 2  c e l l s .  Here again you can see  that   vol tage  re-  
covery  begins  around -18 C .  

( Table 9-1 ) 

Following  ruggedness  testing  at  -54, 25 and 7 1  C ,  t he re  was 
ce l l   degrada t ion ,  which appeared  greater  at  the  higher  tempera- 
t u re s .  However, owing t o  our l imited  sample  s ize ,  we were unable 
to   de te rmine   the   ind iv idua l   e f fec ts  of  each  ruggedness t e s t  and 
temperature. The t h i r d  column shows the   d i scha rge   da t a   a t   t he  
one-hour r a t e ,  of t h e   c e l l s   t h a t  were v ibra ted  and shocked. The 
t h i r d  column shows the   capac i ty   ca l cu la t ed   t o  a t e s t   v o l t a g e  of  
2V. We can s e e   t h a t   a l l  t h  cel ls   achieved  capaci t ies   wel l  below 
t h e i r  nominal  values of 1 . 5  A h for   the 4 0 2  and 0 . 2  A h for   the  
101 .  We can a l so   see   the   genera l   t rend  of decrease i n  capaci ty  
w i t h  increase i n  temperature. 

(Figure 9 - 4 )  

I n  t he   des t ruc t ive   po r t ion  of our t e s t  program, we discharged 
n ine   f r e sh   ce l l s   a t   t he  one-hour r a t e  and then  drove them in to  
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v o l t a g e   r e v e r s a l   w i t h   t h e  DC power s u p p l y .   F i g u r e  9-4 shows a 
t y p i c a l   d i s c h a r g e ,   f o r  a 402 c e l l ,  w i t h  c e l l  p t e n t i a l  as a f u n c -  
t i o n   o f  time. T h e r e  is o u r   v o l t a g e   c u r v e   a n d   o u r   t e m p e r a t u r e .   I n  
a l l  cases no  c e l l  v e n t e d   d u r i n g   d i s c h a r g e  a t  t h e   o n e - h o u r  r a t e .  
H o w e v e r ,   s e v e r a l  c e l l s  d i d   v e n t   d u r i n g   v o l t a g e  r eve r sa l  a t  c u r -  
r e n t s   e q u a l  t o  or e x c e e d i n g  1 A .  I n  a l l  cases,  t h e  c e l l s  had   been  
d r i v e n  t o  a t  l ea s t  1 0 0 %   o f   t h e i r   c a p a c i t y  i n  r e v e r s e  before v e n t -  
i n g  was a c h i e v e d .  I n  t h i s  case,  t h e   f i r s t   c u r r e n t   d u r i n g   v o l t a g e  
r e v e r s a l  was 1 A .  We h e l d   t h i s   c u r r e n t  for  f i v e   h o u r s ,   a n d   n o t h i n g  
happened .  We t h e n   i n c r e a s e d   t h e   c u r r e n t  t o  2A, a n d   a f t e r   a b o u t  4 
1 / 2   h o u r s  we a c h i e v e d  a v i o l e t   v e n t .  By t h i s  I mean t h a t   r a t h e r  
t h a n  a simple c r a c k i n g   o f   t h e  ceramic sea l ,  t h e  c e l l  v i s i b l y  
s w e l l e d   a n d   t h e r e  was e x p u l s i o n   o f   t h e  ceramic seal.  However, I 
s h o u l d  l i k e  t o  e m p h a s i z e   a g a i n   t h a t   i n   t h i s  case t h e  c e l l  was 
d r i v e n  t o  r o u g h l y   t e n  times i ts  c a p a c i t y  t o  r e v e r s e   b e f o r e   v e n t i n g  
was a c h i e v e d .  

( T a b l e   9 - 2 )  

T a b l e  9 -2   shows   t he  capaci t ies  o f   t h e  c e l l s  d i s c h a r g e d  a t  t h e  
one-hour r a t e .  The f i r s t  c o l u m n   s h o w   t h e   t h r e e  c e l l  t y p e s :   4 0 2 ,  
1 0 1   h i g h  r a t e ,  and   101   l ow r a t e ;  t h e   f o u r t h   s h o w s   t h e   f i x e d  re- 
s i s t a n c e   d i s c h a r g e   l o a d ;   i n   o n e  case w e  had a c o n s t a n t   c u r r e n t  
d i s c h a r g e  of 2A. T h e   d i s c h a r g e s   t o o k  place a t  r o o m   t e m p e r a t u r e .  
T h e   t h i r d   c o l u m n   s h o w s   t h e   c a p a c i t i e s   c a l c u l a t e d   t o  a t e s t  
( T a b l e   9 - 4 )  

Moving  on t o   t h e   s h o r t - c i r c u i t   d a t a ,  we s h o r t - c i r c u i t   d i s -  
c h a r g e d   n i n e   f r e s h  c e l l s  t o   0 . 0 1  ohms a t  -18 ,25   and   71  c ,  t o   i n -  
d i c a t e   t h e  c e l l  p e r f o r m a n c e   i n   t h e   e v e n t   o f   a n   a c c i d e n t a l   s h o r t .  
T a b l e  9-4 s h o w s ,   f o r   t h e   t h r e e  c e l l  t y p e s ,   t h e   d i s c h a r g e   t e m p e r a -  
t u r e ,   t h e  maximum c u r r e n t   a c h i e v e d   b y   e a c h  c e l l ,  t h e  maximum tem- 
p e r a t u r e   a c h i e v e d   b y   e a c h  c e l l ,  a n d   w h e t h e r   o r   n o t   t h e  c e l l  
v e n t e d .  From t h i s   t a b l e  w e  c a n  see t h a t   n o  c e l l s  v e n t e d  a t  
-18 C.  A l s o ,   n o   1 0 1  low r a t e  c e l l s  v e n t e d  a t  a n y   t e m p e r a t u r e .  
However ,   t he  4 0 2  c e l l s  a n d   t h e   1 0 1   h i g h   r a t e s   b o t h   v e n t e d  a t  25 
and   71  C.  I n   a l l  cases v e n t i n g  was v e r y   m i l d ,  a simple c r a c k i n g  
o f   t h e  ceramic sea l .  I n   o n l y   o n e  case was t h e r e   s w e l l i n g   o f   t h e  
c e l l .  

F i n a l l y ,  w e  h e a t e d   s i x   f r e s h  c e l l s  f rom  45  C t o  1000 C a t  a 
r a t e  of 1 5   p e r   m i n u t e .  A l l  c e l l s  v e n t e d   m i d l y  a t  t e m p e r a t u r e  
above   180  C.  V e n t i n g  was accompanied  by a small f l a m e  a t  tempera- 
t u r e s   a b o v e  6 0 0  C.  

I n  summary, t h e   l i m i t e d  a t a  o b t a i n e d   i n d i c a t e s   t h e   f o l l o w i n g :  

T h e   s p e c i f i c   e n e r g y   a n d   t h e   v o l t a g e   r e g u l a t i o n  a r e  t o  t h e   m i n e  
e n v i r o n m e n t .  
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There  is cell  degradation  with  ruggedness testing. However, 
we need to further investigate the individual  effects of  each rug- 
gedness  test and temperatures. 

In terms of safety,  the  test  results  from  the  voltage rever- 
sal, the short-circuit testing and the oven-heating tests are con- 
sistent  with  the vendor's claims of  safety in the Li/SOC12 sys- 
tem. 

The  product  variability  needs improvement. However,  again, 
this  is not uncommon in the early development of the new technol- 
ogy - 

Finally, our results  warrant  more investigation. We shall be 
investigating the Altus technology further on the 5 A h cells and 
larger. 
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101 LR -91 110 O.llY! 
101 LR 25 25 0.ffc1 
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CATASTROPHIC  EVENT MODELING 
H .  F r a n k  

Jet  P r o p u l s i o n   L a b o r a t o r i e s  

T h e   p u r p o s e  of t h i s   p r e s n e t a t i o n  i s  t o   i n t r o d u c e  a new model  
f o r   t h e   c a t a s t r o p h i c   f a i l u r e s   i n   l i t h i u m   t h i o n y l   c h l o r i d e  bat-  
t e r i e s .  I t  c o u l d  a l s o  b e   a p p l i e d  t o  o t h e r   t y p e s   o f   p r i m a r y   l i t h -  
i u m  ce l l s .  

By t h e  term " c a t a s t r o p h i c   f a i l u r e , "  w e  mean f a i l u r e   w h e r e  
e i t h e r   v e n t i n g  or e x p l o s i o n   o f   t h e  c e l l  o c c u r s .  

The  model  was deve loped   by   P ro fes so r   A lan   Herman   f rom  Tu lane  
U n i v e r s i t y ,  a c o n s u l t a n t   f o r  JPL. I s h a l l   e x p l a i n   t h e   b a c k g r o u n d  
f o r   t h e   m o d e l ,   p r e s e n t   t h e   m o d e l   i t s e l f ,   s h o w  how w e  p l a n   t o   v e r -  
i f y  it, and  show i ts  p r a c t i c a l  a p p l i c a t i o n s .  

( F i g u r e   1 0 - 1 )  

We s h a l l  s t a r t  w i t h   t h e   b a c k g r o u n d   f o r   t h e   m o d e l .   T h o s e  of 
you who a t t e n d e d   t h e   m e e t i n g   o f   t h e   E l e c t r o c h e m i c a l   S o c i e t y  l a s t  
month i n   F l o r i d a  will know t h a t   t h e r e  was a g r e a t   d e a l   o f   d i s c u s -  
s i o n   a b o u t   t h e   n a t u r e   o f   t h e   f i l m   o n   t h e   l i t h i u m   a n o d e .  We h a v e  
what  i s  known a s  t h e   d u a l   l a y e r   f i l m   o f   l i t h i u m   c h l o r i d e   o n   t h e  
l i t h i u m   a n o d e .   T h i s   c o n s i s t s   o f  a compact l a y e r   o f   l i t h i u m   c h l o r -  
i d e ,   r e p r e s e n t e d   b y   t h e   d a s h e d  marks,  a n d   t h e n  a p o r o u s   o u t e r   l a y -  
e r ,  r e p r e s e n t e d   b y   t h e   s e g m e n t e d  a reas  a l o n g   w i t h   t h e   d a s h e d  
marks. T h e s e   r e p r e s e n t   l i t h i u m   c h l o r i d e .   T h e r e  is q u i t e  a d i f -  
f e r e n c e   i n   t h i c k n e s s  of t h e  two l a y e r s .   T h e  compact l a y e r  is ex- 
t r e m e l y   t h i n ,   a b o u t   1 0 0  A ,  w h i l e   t h e   o u t e r   l a y e r  is much t h i c k e r ,  
a b o u t   1 0 0   m i c r o n s .  

A s  s o o n  as  t h e   l i t h i u m   a n o d e  i s  i m m e r s e d   i n   t h i o n y l   c h l o r i d e  
t h e   i n n e r   l a y e r   g r o w s   r a p i d l y   f o r   o n l y  a f r a c t i o n   o f  a s e c o n d ,  
whereas t h e  o u t e r   l a y e r   c o n t i n u e s   t o   g r o w   o v e r   s e v e r a l   d a y s   o r  
w e e k s  a t  a d i m i n i s h i n g   r a t e .  

T h e   g r o w t h   o f   t h e   o u t e r   l a y e r   o c c u r s   b y   l i t h i u m   i o n   d i f f u s i o n  
t h r o u g h   t h e   c o m p a c t   i n n e r   l a y e r ,   w i t h   s i m u l t a n e o u s   e l e c t r o n   t u n -  
n e l i n g ,   f o l l o w e d   b y   r e a c t i o n   w i t h   t h e   s o l v e n t .  

Now, t h e   m o d e l  s t a t e s  t h a t  cracks d e v e l o p   i n   t h e   c o m p a c t   i n n e r  
l a y e r ;   t h e y  a r e  r e p r e s e n t e d   b y   t h e s e  l i t t l e  o p e n  areas .  They  de-  
v e l o p   b e c a u s e   o f   o n e   o r   m o r e   r e a s o n s .  

F i r s t ,   t h e y  may b e  a d i f f e r e n c e   b e t w e e n t h e   t h e r m a l   c o e f f i c i e n t  
o f   e x p a n s i o n  of t h e   l i t h i u m  metal a n d   t h e   l i t h i u m   c h l o r i d e   f i l m .  
S e c o n d l y ,   t h e r e  may be s t resses  c a u s e d   b y   e n t r a p p e d   g a s e s   a n d  i m -  
p u r i t i e s   i n   t h e  compact l a y e r .   T h i r d l y ,   t h e r e  may be l a t t i c e  de-  
f e c t s   f o r m e d   i n   t h e  compact l a y e r   d u r i n g   t h e   f i l m - f o r m i n g   p r o c e s s .  
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One piece of evidence for the  existence of these  cracks is 
that on open  circuit, it has  been  shown  that  these  cells  generate 
small  amounts of heat  on a  microcalorimeteric basis. 

Now,  formation of a crack and repair by the  chemical  reaction 
of the bare lithium with the solvent  is  a  dynamic process. The 
model states  that  this  reaction is  exothermic  in  nature, and dur- 
ing the condition of open  circuit, the rate of crack formation and 
the rate of heating  are  very low. However,  one places the cell on 
discarge,  there  is  a  critical  current  density  above which the 
cracking and repair reactions occur at a markedly increased rate. 
This heating associated with the cracking and repair reaction is 
over and above  the battery heat  that  we  described  this morning 
from  the  polarization and 12R losses. Thus we  have  two  types  of 
heating effects: That  from the chemical  reaction,  plus the IZR, 
plus  polarization  losses  which  were  calculated  from  the  thermal 
neutral voltage. 

Now, for very  short  periods  of  time,  adiabatic  conditions pre- 
vailed. Therefore, if the specific  heats of the various com- 
ponents  are  known,  the temperature  rise  may be calculated. 

The model states  that when the temperature  reaches the melting 
point of lithium,  186 C, then add this  is the  reason for ex- 
plosions there is  a breakdown of the film and thermal runaway, 
subsequently leading  to venting or explosion. 

(Figure 10-2) 

Next  we  shall  present  the  model itself. Figure 10-2 shows  the 
final and most  useful  equation for the model. If  anyone is inter- 
ested,  I  can send you a  copy of the derivation. The equation re- 
lates battery discharge  current  to the time required to reach the 
melting point of lithium. One can use this by specifying  a  given 
current and calculating  the maximum time to reach the melting 
point  of  lithium and explosion, or conversely by selecting  operat- 
ing time and calculating  the maximum safe  discharge currents. 

There  are  seven  constants in the  equation,  K1  through K7. 
Some of these are  quite straightforward: one is simply the melting 
point of lithium. Some  are related to  the  thermal  conductivity, 
specific heat capacities and the enthalpy of the repair reaction 
which  is known. 

Others  are  not  quite so straightforward and they deal with 
rate constants  of the chemical repair reaction. They may be de- 
termined by calorimetric studies. This  equation  is used to com- 
pute the safe  operating  limits for the cell. We plan  to try to 
verify this model. 
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First,  we  plan  gross  type  of  verification, which will be ac- 
complished by purchasing  some high rate  spiral wound D cells in- 
strumented with  thermocouples, and subjecting them to high-rate 
discharge. 

Before  doing  this we  shall have  made  calorimetric  measurements 
to determine all  the constants. We shall make predictions of op- 
erating times and temperatures, and compare  them  with the measured 
values. We  shall  also  predict the conditions under which explo- 
sions  can  occur, and establish whether or not they actually do 
occur. 

The  second  part  of  the  verification  involves testing an im- 
portant assumption within  the model by identifying cracks  witin 
the  compact inner layer. This  will be no easy task,  since  the 
layer has such small dimensions. We plan  to meaaure the AC imped- 
ance during the  course  of  discharge, and expect to see a sharp 
decrease inte capacitance  portion, which we  will try to associate 
with the formation  of  the cracks. 

As regards, the practical  significance of the model, it maybe 
used to  predict  safe operating currents and times for the thionyl 
chloride  cells; it may also be applied with different  consequences 
to other cells,  chloride cells. 

We  have  also suggested methods for minimizing the  explosion 
hazard. One is the application of protective films to the lithium 
anode. These  films would conduct  lithium  ion, and would inhibit 
the corrosion  reaction and minimize the heating from that effect, 
thus extending operating limits. 

We  have examined one  such type of film and have attained some 
degree of success in examining crown ether films for the lithium 
anode. Other types of materials  that  might be considered are 
polyvinylpyrrolidone, or jelled polymer electrolyte, such as hex- 
afluoropropane vinylidene. There  are  also  polyethylene  oxide and 
polypropylene oxide. 

From reading the  patent  literature it is  apparent  that  some 
companies  are  employing  some  of these types  of  films,  not neces- 
sarily from  the  safety  point  of  view, but from the point of view 
of minimizing the passivation. However, we believe that they have 
an impact on safety as well. 

We  shall try to  give a report on our verification as  soon  as 
possible. 

There  is  one  additional  point,  not necessarily related to the 
model here, but related to the safety  aspects of primary  lithium 
batteries. It deals  with  the  characterization of  the Shawinigan 
carbon black, which is commonly employed as the  cathode material 
for these primary lithium batteries. 

101 



I n   o u r   r e c e n t  s t u d i e s ,  w e  c o n d u c t e d   f o u r - y e a r   t r a n s f o r m   i n f r a -  
r e d  ( F T I R )  i n v e s t i g a t i o n s   o f   t h e   S h a w i n i g a n   c a r b o n  black. I n  
these i n v e s t i g a t i o n s  we o b s e r v e d   t h e   e x i s t e n c e   o f   c a r b o n   d o u b l e  
bonds.  Hence w e  c a n   s a y   t h a t   t h e   S h a w i n i g a n   c a r b o n  black i s  n o t  
p l a i n   c a r b o n ,   b u t   c o n t a i n s  appreciable amounts  of  ca rbon  double  
bonds.  As w e  a l l  know, mater ia l s  s u c h  as  c h l o r i n e  or o t h e r  com- 
p o n e n t s  of t h e   e l e c t r o l y t e s   c a n  reac t  q u i t e   r a p i d l y   a n d   e x o t h e r -  
m i c a l l y   t o  add t o   t h e s e   d o u b l e   b o n d s .  

We s h a l l  be p u r s u i n g   t h i s   i n v e s t i g a t i o n   f u r t h e r .  I s i m p l y  
wanted t o   p r e s e n t  it a t  t h i s  time b e c a u s e  I t h i n k  it might  be re- 
l a t ed  t o   t h e   n e x t  paper. 
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CATASTROPHIC  FAILURE  MODEL 
FOR  PRIMARY  L ITHIUM CELLS 

CRACKS CONTINUOUSLY DEVELOP IN THE 
LiCl F L M  FOR MANY REASONS 

CRACKS ARE CONTINUOUSLY REPAIRED BY 
CHEMICAL REACTION OF  SOLVENT WITH Li  
TO FORM LiCl 

THE CHEMKAL REACTDN IS EXOTHERMIC 
IEVOlVES HEAT1 

THE  RATE OF CRACK FORMATION AND REPAIR IS VERY  LOW DURING OPEN CIRCUIT, 
AllD AT LOW CURREHT  DENSITIES.  HENCE MTERluL HEATlWC IS VERY  LOW U W R  
THESE CONDITWS 

TH CRACK FORMATION RATES INCREASE MARKEDLY WITH CURRENT,  BEYOND A 
CRITICAL CURRENT  DENSITY.  HENCE NTERNM W T N C  IS QUITE HIGH UNDER  THESE 
CONDITMMS 

FOR RELATIVELY SHORT PERIODS OF  TIME, ADIABATY: CONDITW)NS PRfVAL AND 
INTERNAL  TEMPERATURE RISE CAN BE COMPUTED 

WHEN  THE TFMPERATURE  REACHES THE MELTING POINT OF LITHIUM (1W'CI. THE 
F M  BREAKS DOWN AND VENTING OR EXpLOSKmS OCCUR 

F i g u r e  10-1 

CATASTROPHIC  FAILURE  MODEL 
FOR  PRIMARY  L ITHIUM CELLS 

SIMPLIFIED VERSlON OF MATHEMATICU MODEL 

k, - k2t - k3e-'4' 

k5 t - k6e-'4' + k7 
I -  

WHERE: I * DISCHARGE CURRENT, amps 

t - TIME TO REACH MELTING PONT OF L I I H I W ,  

k1 THRU k7 - S W S  AND PRODUCTS OF S E V E N  CONSTANTS CONSISTNG 

OF  CELL MASS AND SPECIFIC HUT,  WlTUL CELL  TEMPERATURE, 

MELTING POINT OF LITHIUM. RATE CONSTANTS FOR THE 

CRACKING AND REPAIR OF THE ANOOE FLM, ENTHALPY OF 

THE REPAIR REACTDN. AND A CRITICAL CELL  CURRENT ABOVE 

WHICH F L M  CRACKING YlCREASES WITH CURRENT 

F i g u r e  10-2 
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CARBON  CATALYSIS OF REACTIONS IN  THE LITHIUM SOC12 
AND SO2 SYSTEMS 

W. Kilroy 
Naval Surface  Weapons Center 

Certain  hazards associated with lithium  batteries  have delayed 
widespread acceptance  of these extremely attractive power 
sources. As eager consumers  of  these  batteries,  it  seems  to  us 
that  no  specific  chemical explanation has been given for these 
safety hazards. We have  been trying to throw some  light on the 
safety  problems for  both the sulfur dioxide and thionyl chloride 
cells. 

Lithium by itself is  quite inert to  thionyl  chloride or sulfur 
dioxide  even under conditions  of vigorous mechanical shock. How- 
ever, we have  found  that  when it is mixed with carbon black there 
is a dramatic  change -- spontaneous ignition on mixing and ex- 
plosive energy release on shocking become common,  especially with 
the thionyl chloride electrolyte. Since there are plausible scen- 
arios by which  the  lithium and carbon in these batteries can be- 
come intimately mixed,  we decided to look into this effect. 

The work was performed in a dry room of  less than 0.5% rela- 
tive humidity at  approximately 24 C. We used primarily  Shawinigan 
acetylene black and SOC12 - 1.6M Li A1 C14 or SO2 - AN - 
LiASF6 electrolyte. 

The basic reaction involved mixtures of lithium and carbon 
with battery electrolyte. We examined various parameters that 
influenced this reactivity: the nature and the  freshness  of the 
carbon; the freshness, the purity and the conductive  salt of the 
electrolyte;  the  effect  of  Teflon or moisture, etc. 

We found that  the reactivity was  relatively  low and variable 
if the lithium and carbon were merely lightly pressed together. 
However, prior grinding  of  the lithium/carbon mixture significant- 
ly raised both the  level and reproducibility  of  the reactivity. 
Therefore, we routinely ground approximately 7 mg of lithium with 
various  amounts and types  of  carbon in standard Pyrex ignition 
test tubes and proceeded to add approximately 100 mg (about three 
drops)  of electrolyte. Relative  reactivity  was  then assessed with 
a qualitative  scale  of  numbers from one  to ten. 

(Figure 11-1) 

Figure 11-1 shows  the  effect  of  varying  the lithium/carbon 
mass  ratio  in ground lithium/carbon mixtures on their reactivity 
to battery electrolytes. Curve A is for the  thionyl  chloride 
electrolyte, and curve B for the sulfur dioxide electrolyte. The 
points  in  Figure 11-1 represent  the  average  reactivity  vaues based 
upon four repetitive runs. A "one" on the relative  reactivity 
scale  represents no reaction  with  increasing  heat  evolution until 
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sparks are  o b s e r v e d  a t  a ' ' s i x . "  A " t e n "   c a n   b e s t   b e   d e s c r i b e d  as 
a Roman c a n d l e   w i t h  a shower   o f  sparks  a n d   f l a m e ,   o f t e n   a s c e n d i n g  
f i v e   f e e t   i n   h e i g h t .  Remember t h a t   t h i s  is o n l y  a small i g n i t i o n  
t e s t  t u b e ,  3 i n   h i g h ,   c o n t a i n i n g   a b o u t  7 mg o f   l i t h i u m   a n d   a n  
e q u a l   a m o u n t   o f   c a r b o n .   S u c h   i n t e n s e   f l a m m a b i l i t y   f r o m   r e l a t i v e l y  
small amounts   of  mater ia l  were i m p r e s s i v e ;   b u t  it is d i s t u r b i n g   t o  
t h i n k   o f   t h i s   r e a c t i v i t y   s c a l e d   u p   t o   t h e   s i z e   o f  a D ce l l .  

F i g u r e  11-1 s h o w s   t h a t   a n   i n c r e a s e   i n   t h e   l i t h i u m :   c a r b o n  
mass r a t i o   l e d   t o  a f a l l   i n   s p o n t a n e o u s   f l a m m a b i l i t y .  I t  a l s o  
r e v e a l s   t h a t   t h e   t h i o n y l   c h l o r i d e   e l e c t r o l y t e   h a d  a h i g h e r   a v e r a g e  
r e a c t i v i t y   t h a n   t h e   s u l f u r   d i o x i d e   e l e c t r o l y t e .  A t  h i g h   l i t h i u m :  
c a r b o n   r a t i o s   ( a b o u t   7 : 1 ) ,   e v e n   t h o u g h   t h e r e  was no   spon taneous  
f l a m m a b i l i t y ,   t h e  m i x t u r e s  were o f t e n   s h o c k   s e n s i t i v e .   L i g h t  
p r o b i n g   o f   u n r e a c t e d  m i x t u r e s  w i t h  a 6 i n ,  25g s t e e l  n e e d l e   o f t e n  
p r o d u c e d   e x p l o s i v e   r e a c t i o n   a c c o m p a n i e d   b y   l o u d   r e p o r t .  

We examined many v a r i a b l e s   t o  see w h a t   e f f e c t   t h e y   m i g h t   h a v e  
o n   t h e   o b s e r v e d   r e a c t i v i t y .  We added water t o   t h e   e l e c t r o l y t e ,  we 
a d d e d   T e f l o n   t o   t h e   c a r b o n ,  w e  compared L i B r  w i t h  L i  A s  F g ,  
L i A L C 1 4  w i t h   m i x t u r e s   o f  L i C l  and  AlCl3,   and w e  examined   the  
e f f e c t s   o f   d i f f e r e n t  SOC12 f r a c t i o n s .  No m a j o r   e f f e c t s  were 
n o t i c e d ,   a n d   d e t a i l s  w i l l  b e   p r e s e n t e d   i n  a fo r thcoming   pape r .  

( T a b l e  11-1) 

Table  11-1 s h o w s   t h e   e f f e c t   o f   c a r b o n   t y p e   o n   t h e   r e a c t i v i t y  
o f   t h e s e   g r o u n d   l i t h i u m / c a r b o n  m i x t u r e s  w i t h   t h i o n y l   c h l o r i d e  ba t -  
t e r y   e l e c t r o l y t e .  We s t u d i e d  a v a r i e t y  of c a r b o n   b l a c k s ,   g r a p h -  
i t e s ,  and  even some a c t i v a t e d   c a r b o n s   t o   t r y   t o   c o r r e l a t e   t h e  
r e a c t i v i t y   w i t h   t h e   s u r f a c e  area,  p u r i t y   a n d   c r y s t a l l i n i t y  a t  b o t h  
low (1:l) a n d   h i g h   ( 7 : l )   l i t h i u m :   c a r b o n   r a t i o s .   P u r i t y   h a d   n o  
d i s c e r n i b l e   e f f e c t .  However, p a r t i c l e   s i z e   a p p e a r e d   t o   p l a y  a 
s i g n i f i c a n t   r o l e .  

T h e   D e s u l c o   g r a p h i t e ,   w h o s e   p a r t i c l e s  were 5 mic rons   i n   d i am-  
e t e r ,  were much less r e a c t i v e   t h a n   e i t h e r   t h e   S t e r l i n g   o r   t h e  
Shawin igan   ca rbon  b lacks .  BET measurements  were a p p r o x i m a t e l y  
comparable .  

T h e   m o s t   o b v i o u s   t r e n d   i n   t h i s   t a b l e  is i l l u s t r a t e d  by F i g u r e  
11-2. 

F i g u r e   1 1 - 2   s h o w s   t h e   r e l a t i v e   r e a c t i v i t y   o f   t h e   g r o u n d  
Li-C-SO c l 2   e l e c t r o l y t e  m i x t u r e s  a s  a f u n c t i o n   o f   t h e   s u r f a c e  
a rea  of v a r i o u s   c a r b o n   b l a c k s .   F o r   b o t h   t h e   h i g h   a n d   t h e   l o w  car- 
bon r a t i o s ,   t h e   r e a c t i v i t y  r i s e s  w i t h   i n c r e a   i n g   s u r f a c e   a r e a .  
When t h e   s u r f a c e  a rea  is  a p p r o x i m a t e l y  1 0 0  m 3 / g ,   t h e   r e a c t i v i t y  
l e v e l s   o f f  a t  a p p r o x i m a t e l y   n i n e ,  i . e .  w i t h   c o n s i s t e n t l y   v i g o r o u s  

106 



fires. We conclude  that  an  extensive lithium/carbon interface is 
required. This  can be accomplished by either having a  small pro- 
portion of high area  carbon or a  large  proportion of lower area 
carbon . 

Lithium/carbon mixtures were also prepared electrochemically 
by constant  current  discharge of a cell containing a  lithium 
anode,  carbon  cathode in an aprotic  solvent  such as propylene car- 
bonate and containing  no  cathode depolarizer. 

(Figure 11-3) 

A typical voltage  time  plateau  is  shown  in  Figure 11-3. These 
plateaus are thought to involve undervoltage deposition of lithium 
to  form lithium-carbon intercalates. After discharge,  the  cathode 
was washed with  an  inert  solvent and vacuum dried at  about 25 C .  
When SOC12 electrolyte  was then added to  approximately 1 mg of 
this material, the mixture became very hot and the  electrolyte 
boiled. 

In  summary,  there  are  three immediately apparent  explanations 
for  the mechanism of  this  catalysis by carbon. First, a local 
short itself formed, and the  carbon  particle in the lithium  sur- 
face can act as a tiny short-circuited cell. On the other hand, 
however, we have found ground lithium/carbon mixtures  to be equal- 
ly reactive to thionyl  chloride  containing  no salt. 

The second explanation  is  that  active  lithium-carbon  compounds 
form. X-ray photoelectron  spectroscopy (XPS)  has revealed evi- 
dence of lithium-carbon compounds. Indeed,  we  have found that 
lithium and carbon  will intercalate at high pressures  at room tem- 
perature. The ground lithium/carbon mixture reacts  with water to 
give acetylene, indicating the presence of a carbide. Finally,  we 
showed that cathodically formed intercalates are reactive with the 
thionyl chloride electrolytes. 

The third explanation is that  carbon  acts as a  vehicle for 
dispersing the lithium  to  a very large surface area. This is con- 
sistent with the  observation  that  first occurred on adding thionyl 
chloride electrolyte to lithium ground with thermodynamically in- 
ert  magnesium  oxide or aluminum oxide. The  thionyl  chloride  was 
inert to both magnesium oxide and aluminum oxide. 

Both lithium  compound formation and the  local  cell  action 
would seem to be excluded by the inertness  to  lithium and the high 
electrical  resistivity of these oxides. 

In  conclusion,  we  observed  a very powerful  catalysis by carbon 
of the lithium battery oxidant reaction. This  effect  is  important 
because, in polarized cathodes,  lithium and carbon may become in- 
timately mixed, (a) by undervoltage  deposition  to  form  reactive 
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l i t h i u m   c a r b o n   i n t e r c a l a t e s   t h a t  react  c o n t i n u o u s l y   w i t h   t h e  elec- 
t r o l y t e ,   a c c u m u l a t i n g   h e a t   t o   p o s s i b l y   d a n g e r o u s   l e v e l s ,   o r  ( b )  by 
n o r m a l   o v e r v o l t a g e   d e p o s i t i o n  of p a s s i v a t e d   l i t h i u m   d e n d r i t e s ,  
f o l l o w e d  by s h e a r   o r   s h o c k ,   g r i n d i n g   t h e   d e n d r i t e s   a n d   c a r b o n   t o -  
g e t h e r   a n d   c a u s i n g   v i o l e n t   r e a c t i v i t y .   F u r t h e r m o r e ,   s e v e r e  me- 
c h a n i c a l   d i s t o r t i o n   o f   f r e s h   o r   . n o r m a l l y   d i s c h a r g e d   l i t h i u m   b a t -  
t e r i e s  c o u l d   s h e a r   l i t h i u m   a n d   c a r b o n   c o m p o n e n t s   t o g e t h e r   w i t h   t h e  
same d a n g e r o u s  r e su l t s .  

With t h i s  i n   m i n d ,  we a re  t e s t i n g   c a r b g n s   t h a t   h a v e   t h e  
p romise  of combining a g r e a t l y  reduced r e a c t i v i t y   i n   l i t h i u m /  
ca rbon  m i x e s  w i t h  u n i m p a i r e d   e f f i c i e n c y  as c a t h o d e s .  

1 0  8 
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SAFETY TESTING OF LITHIUM CELLS 
J. Bene 

NASA L a n g l e y   R e s e a r c h   C e n t e r  

A c o u p l e  of years  a g o  I g a v e  a paper o n   l i t h i u m   t h i o n y l   c h l o r -  
i d e   s a f e t y   a n d   s h o w e d  a h o r r o r   f i l m .  I t  l e f t  e v e r y b o d y   i n   s t u n n e d  
s i l e n c e  for  a w h i l e .   S i n c e   t h e n  w e  h a v e   d o n e  a l i t t l e  work  o n   t h e  
s u b j e c t  . 

One t h i n g   t h a t   c o n c e r n s  me is t h a t   l i t h i u m   t h i o n y l   c h l o r i d e  
s y s t e m s  a re  b u i l t   s u c h   t h a t   t h e y  are SO2 l imi t ed ,  and   can   be  
v e r y   d a n g e r o u s .  And p e o p l e   c o n t i n u e  t o  use   t hem,   and   peop le   con -  
t i n u e  t o  h a v e   p r o b l e m s .  

A t  L a n g l e y ,   t h e   s a f e t y   t e s t i n g  is b a s i c a l l y   t h e  same as  e v e r y -  
where else: it c o n s i s t s   o f  a f o r c e d   d i s c h a r g e  t o  z e r o   v o l t s   c o n -  
s t a n t   c u r r e n t   u n d e r   i s o t h e r m a l   c o n d i t i o n s .   T h e   t e m p e r a t u r e   t h a t  
w e  n o r m a l l y   u s e  a r e  - 4 0  t o  65 C ( 4 0  t o   1 5 0   F ) ; t h e y  a re  d i c t a t e d  by 
t h e  p r o j e c t s  w e  a r e  t r y i n g   t o   s e r v i c e .  

F o l l o w i n g   t h e   f o r c e d   d i s c h a r g e ,  we f o r c e   t h e  c e l l  i n t o   r e v e r -  
s a l  t o   1 0 0 %   o f   a v a i l a b l e   c a p a c i t y .   A g a i n ,   t h i s  is a c o n s t a n t   c u r -  
r e n t ,   a n d   a g a i n  we m a i n t a i n   t h e  c e l l  u n d e r   i s o t h e r m a l   c o n d i t i o n s .  
Many p e o p l e   a r g u e   w i t h   t h a t .  One o f   t h e   r e a s o n s  why u s e   w i t h   i s o -  
t h e r m a l   d i s c h a r g e s  is t h a t   w i t h   t h e   i n f o r m a t i o n   o f  how a ce l l  be- 
h a v e s   u n d e r   i s o t h e r m a l   c o n d i t i o n s ,   a n d   k n o w i n g   t h e  c e l l  e x o t h e r m  
a n d   t h e   b a t t e r y   d e s i g n ,   o n e   c a n  m a k e  a f a i r l y   a c c u r a t e   p r e d i c t i o n  
o f   t h e   b a t t e r y   p e r f o r m a n c e   u n d e r   d i f f e r e n t   c o n d i t i o n s .  

F o l l o w i n g   f o r c e d   r e v e r s a l ,   t h e  c e l l s  a r e  removed  from t e s t  
e n v i r o n m e n t ,   a n d  we r u n   w h a t  we c a l l  c h e m i c a l   r e a c t i v i t y   c h e c k  
no .1 .  We take t h e   d i s c h a r g e  ce l l  on  open c i r c u i t .  I t  is  p l a c e d  
i n   a n   i n s u l a t i o n   p a c k a g e   a n d   a l l o w e d   t o  s i t  t h e r e .  We s i m p l y  mon- 
i t o r   t h e   t e m p e r a t u r e .  

A f t e r   t h a t  t e s t ,  i f   t h e r e  i s  a c e l l  l e f t  t o  t e s t ,  w e  go i n t o  
c h e m i c a l   c h e c k   n o .  2 where we t a k e  u n d i s c h a r g e d ,   p a r t i a l l y  d i s -  
c h a r g e d   o r   t o t a l l y   d i s c h a r g e d  c e l l s  and  hea t  them,   up  t o  1 4 9  C 
( 3 0 0  F ) ,  d e p e n d i n g   o n   t h e   t y p e   o f  c e l l .  A g a i n ,  we m o n i t o r   t h e  
c e l l  f o r   t h e r m a l   s t a b i l i t y .  We r u n  a s h o r t - c i r c u i t  t e s t ,  a n d  we 
a l s o   r u n   d r o p  t e s t s ,  a n d   p u n c t u r e  tes ts  t o   d e t e r m i n e   e x a c t l y  how a 
c h a r r e d  c e l l  m i g h t   b e h a v e   i f  it d e v e l o p e d  a l eak .  

A n o t h e r  t e s t  t h a t  w e  r u n  i s  v e r y   a b u s i v e ,   a n d  w i l l  c a u s e  a 
c e l l  t o  v e n t   i n  most i n s t a n c e s .  We d e l i b e r a t e l y   d i s c h a r g e   t h a t  
c e l l  i n   a n   i n s u l a t e d   p a c k a g e ;  a p r e t t y   r u g g e d  t e s t  f o r  a c e l l .  
However, i n   t h e  p a s t ,  b a t t e r y  packs were d e s i g n e d   w h e r e  c e l l s  were 
s t a c k e d  l i k e  l o g s .  And people i n s i s t   o n   p o t t i n g   t h e m   u p   i n   f o a m .  
A c e l l  i n s i d e   t h e   l o g   s t r u c t u r e  is a l m o s t   p e r f e c t l y   i n s u l a t e d .  
T h e r e f o r e ,  w e  r a n   t h a t   t y p e   o f  t e s t .  
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When I was h e r e   b e f o r e ,  I t a l k e d  a b o u t   a n  SO2 l i m i t e d  ce l l .  
I t h i n k   t h e  Li:SO4 r a t i o  was about   1 .5 :  1. 

D u r i n g   t h e   n o r m a l   c o u r s e   o f   t h e   d i s c h a r g e ,  w e  found  no  prob-  
lems w i t h   t h e  c e l l  anywhere  from  -20 t o  + 1 5 0 F ,   o r   f r o m   c u r r e n t s  
o f  250 mA up t o  4 A .  

H o w e v e r ,   f o l l o w i n g   t h e   r e v e r s a l   t o  1 0 0 %  of  t h e   c a p a c i t y   a v a i l -  
a b l e ,  w e  o b s e r v e d   a n y  number o f   t y p e s   o f   v e n t s ,   a n d   t h e y  wer a l l  
a c t i v e .  Some were v i o l e n t ,   a n d  some c e l l s  e v e n   e x p l o d e d .   T h i s  
o c c u r r e d  a l l  t h e  way u p  t o  6 0  F and down t o   c u r r e n t s  as low as  250 
mA. C e l l s  t h a t   d i d   n o t   v e n t   u n d e r   t h o s e   c o n d i t i o n s ,   w e n t   i n t o  a 
t h e r m a l   r u n a w a y   c o n d i t i o n   o n   h e a t i n g   t o  300  F. 

W h i l e   u n d e r   l o a d   i n   r e v e r s a l  a t  h i g h  temperatures (150  F ) ,  a 
c e l l  w o u l d   o c c a s i o n a l l y   v i o l e n t l y   v e n t .  And s h o r t e d  ce l l s  gene r -  
a l l y   v e n t   p a s s i v e l y .  I s a y   " g e n e r a l l y "   t h e r e   b e c a u s e  I want t o  
t a l k  a b o u t   t h a t  l a t e r  on. 

D i o d e   r e v e r s a l   p r o t e c t i o n   w o u l d   n o t   h e l p   t h e s e  c e l l s  s i n c e   t h e  
a m o u n t   o f   v o l t a g e   g e n e r a t e d   i n   r e v e r s a l  was t o o  small t o   a c t i v a t e  
a d i o d e .  

Last  time we m e n t i o n e d   t h e   g a s   a n a l y s i s   t h a t  w e  d id ,   and   wha t  
w e  assumed t o  be   t he   p rob lem.  be t h e n  s e t  abou t   work ing   w i th  
M a l l o r y   t o   s o l v e  i t ,  and we came u p  w i t h  a s e r i e s  o f  c e l l  d e s i g n s  
t h a t  w e  c a l l  S X .  

We have  gone t o  a l i t h i u m - l i m i t e d   d e s i g n   a n d   l o o k e d  a t  ex-  
cesses o f   s u l f u r   d i o x i d e ,   a n y w h e r e   f r o m   1 0   t o  3 0 % .  Again ,   w i th  
t h i s   t y p e   o f  c e l l  d e s i g n  we e x p e r i e n c e d   n o   p r o b l e m s   d u r i n g   t h e  
no rma l   cou r se   o f  a d i s c h a r g e ,   f r o m  temperatures o f  -20 t o  150 F ,  
and  up t o  4 A .  

When we p u t  t h e  c e l l  i n   a n   i n s u l a t i o n   p a c k a g e   a f t e r   r e v e r s a l ,  
a l l  we g e t  is a m i n o r   h e a t i n g .   I n   o t h e r   w o r d s ,   t h e  c e l l  comes 
back u p  t o   a m b i e n t .  I t  might   go u p  t o   a b o u t  9 0  , 15  above  am- 
b i e n t .   T h i s   i n d i c a t e s   t h a t   t h e   c h e m i c a l   a c t i v i t y   i n   t h a t  c e l l  is 
f a i r l y   b e n i g n   o r   v e r y  small .  

A f t e r   o n   e x t e r n a l   h e a t i n g   t o  3 0 0  F no  c e l l s  v e n t e d   f o r   a n y  
r e a s o n  . 

We s t i l l  h a v e   p r o b l e m s   w i t h   t h e   l i t h i u m - l i m i t e d  c e l l  d e s i g n  
under   load  a t  c o l d   t e m p e r a t u r e s ,  when a b o u t  2 0 %  of t h e  c e l l s  
v e n t .  We h a v e   o n l y   s e e n   t h i s  a t  -20 F. I t  might   happen a t  -15 F ,  
b u t  we o n l y  t e s t  a t  -20 F. 
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A l l  t h e   v e n t s  we h a v e   s e e n  were a t  2A, e x c e p t   f o r   o n e ,   w h i c h  
v e n t e d  a t  1 A .  T h e s e   v e n t s ,  when c o m p a r e d   w i t h   t h e   o l d  
S02- l imi t ed   des ign ,   wh ich   wou ld   unde rgo  a " v i o l e n t   v e n t "   ( b e -  
cause i f  we u s e d   " e x p l o s i o n "  a l o t   o f   p e o p l e   g e t   u p s e t ) ,   g a v e   w h a t  
we c a l l  s u b t l e   s i z e   f o r  a v e n t .  

A g a i n ,   t h e   s h o r t e d  c e l l s  p a s s i v e l y .   D i o d e   r e v e r s a l   p r o t e c t i o n  
w o r k s   h e r e  because t h e  c e l l  w i l l  gene ra l ly   go   anywhere   f rom 1.5V 
t o  -2V w i t h o u t  a d i o d e   o n  it. 

A g a i n ,   f o r  c e l l s  w i t h   d i o d e s   o n   t h e m ,   t h a t   h a v e   b e e n   n o   i n -  
c i d e n t s   u n d e r   a n y   o p e r a t i n g   c o n d i t i o n s ,   e v e n   u p  as h i g h  as 8A. 

We looked  a t  A l t u s ' s  t h i o n y l   c h l o r i d e   s y s t e m ,   t h e  AL 250, a 
5A h c e l l .  T h e   t e s t i n g   h a s   b e e n   v e r y   l i m i t e d .  

We k e e p   t h e  c e l l  i n   r e v e r s a l   f o r   t h e   a m o u n t   o f   c a p a c i t y  we 
have .   The   t empera tu res  w e  have  checked so f a r  a r e  - 4 0  F and -4  F 
a t  0.5A. F o l l o w i n g   t h a t   t r e a t m e n t ,  when a c e l l  is p l a c e d   i n   i n -  
s u l a t i o n   p a c k a g e ,  we see h e a t i n g  as h i g h  a s  310 F i n   t h a t  c e l l .  

I t  i s  my u n d e r s t a n d i n g   f r o m  some p e o p l e  a t  A l t u s  t h a t  a s a f e t y  
m e c h a n i s m ,   t h e   a n t i - r e v e r s a l   p r o t e c t i o n   m e c h a n i s m ,   i n   t h e  c e l l  is 
p r o b a b l y   c a u s i n g   t h e   p r o b l e m .  

One c e l l  v e n t e d   v i o l e n t l y   o n   o p e n  c i r c u i t  u n d e r   t h o s e   c o n d i -  
t i o n s ;   t h i s  ce l l  was d i s c h a r g e d  a l i t t l e  d i f f e r e n t l y .  We s t a r t e d  
o f f  a t  1 A  a n d   g r a d u a l l y   b r o u g h t  it down t o  0 .2%.  We g o t  1.1 A h 
o u t  of i t ,  which was t y p i c a l   o f   t h e s e  c e l l s .  Then t h e  c e l l  was 
p u t   i n t o   r e v e r s a l  a t  1 A  f o r  4 . 4  A h ,   which  is  more   than  1 0 0 %  o f  
what w e  g o t   o u t .   D i s c h a r g e  was s t o p p e d ,   a n d   t h e  c e l l  s a t  i n   t h e  
b a t h  a t  -20 F f o r  two  hours .   Then i t  was removed  and it exp loded .  

Another  t e s t  r e s u l t  w e  h a v e   h e r e ,  i s  t h a t   a f t e r  30 d a y s   s t a n d -  
i n g  a t  160 F a l l  twen ty  c e l l s  showed s l i g h t  o r  s e v e r e   b u l g i n g ,   a n d  
20%  of  them  were  dead. 

( F i g u r e   1 2 - 1 )  

Figure  12-1  shows how t h e  A l t u s  c e l l  l o o k e d   a f t e r   e x p l o s i o n .  
I t  t h r e w   t h e   t e r m i n a l ,   w h i c h  i t  is s u p p o s e d   t o ,   a n d   t h e   g u t s .  
T h a t  s h e l l  is empty. 

( F i g u r e   1 2 - 2 )  

T h e   h o l e  i s  much l a r g e r   t h a n   t h e   t e r m i n a l ;   t h e r e  was s e v e r e  
b u r n i n g   a r o u n d   t h e   h o l e   w h e r e   t h e   t e r m i n a l  was. 

Another  c e l l  we t e s t e d  was t h e   l i t h i u m   b r o m i n e ,   a n   E l e c t r o c h e m  
c e l l .  Again ,  we have  j u s t  p e r f o r m e d   l i m i t e d   t e s t i n g  s o  f a r .  We 
t e s t e d   t h e  c e l l  f rom - 4 0  t o  150 F. Again,  when it i s  p u t  i n  re- 
v e r s a l   f o l l o w i n g   c o l d  ( - 4  F) d i s c h a r g e ,  or  even  75 F d i s c h a r g e ,  
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a n d   t h e n   p l a c e d   i n   i n s u l a t i o n   p a c k a g e ,  it h e a t s   u p  (235 F ) .  We 
h a v e   n o t   f u l l y   e x p l o r e d   t h i s   o n   e i t h e r  c e l l  t o  t r y   a n d   f i n d   i f  
t h e r e  is a c r i t i c a l  area.  A t  p r e s e n t ,  I s h o u l d   s a y   t h a t   s o m e t h i n g  
chemica l  or e l e c t r o c h e m i c a l  is o c c u r r i n g .  

One c e l l  v e n t e d   v i o l e n t l y   w h i l e   i n   r e v e r s a l  a t  75  F a t  0 . 5 A ,  
a f t e r   c o m p l e t i o n   o f  less t h a n   1 0 0 %   o f   t h e   r e v e r s a l   p e r i o d .  I t  
gave  1 0  A h a t  0.5A a t  t h e  80-A h r e v e r s a l   p o i n t ,  it blew. 

Again,  c e l l s  t h a t   s h o r t e d   v e n t   p a s s i v e l y   a r o u n d  300 F. 

( F i g u r e   1 2 - 3 )  

T h i s  i s  h a r d   t o   i m a g i n e   h e r e ,   b u t   t h e  c e l l s  were j u s t  p u t  i n  
baux .   Th i s  i s  aluminum  baux  in  a f o r c e d  a i r  chamber.  They were 
j u s t  h e l d   i n  place w i t h  C-clamps o n   t h e   b a u x .   T h e r e  were f o u r  
c e l l s  i n   t h e   c h a m b e r .   T h e  c e l l  you see b a c k   h e r e  was u p   h e r e  when 
it blew. 

There  had  been a g r e a t   d e a l   o f  comment  by p e o p l e   s a y i n g   t h a t  
it was n e c e s s a r y   t o   r e v e r s e   S 0 2 - l i m i t e d  c e l l s  i n   o r d e r   f o r   t h e m  
t o   e x p l o d e ,   a n d   t h a t   l i t h i u m  m u s t  b e   d e p o s i t e d   o n   t h e   c a t h o d e   t o  
f o r m   f i n e   g r a n u l e s  or f i n d   d e n d r i t e s   b e f o r e   t h e r e  were any  prob-  
lems. 

We r a n  a t e s t  o f   t h i s   a b o u t  two y e a r s   a g o .  We r e v e r s e d   t h i s  
c e l l ,  a n d   s t a r t e d   w i t h  2 A ,  n e v e r   a l l o w i n g  it t o  go down t o  z e r o .  
We s topped   a round  0 . 1  o r  0.2V, t h e n   c o n t i n u o u s l y   d r o p p e d   t h e   c u r -  
r e n t   i n  s teps  u n t i l  we g o t  down t o  0.25A u n t i l  i t  g o t   n e a r   t o   z e r o  
v o l t s .  Then t h e   d i s c h a r g e  was s t o p p e d .  A t  t h a t  time a b o u t   7 . 5  A 
h had   been   ob ta ined   which  was what w e  a l w a y s   g o t  a t  0.25A w i t h  
t h o s e  c e l l s .  When t h e  c e l l  was r emoved   f rom  tha t  -20  F b a t h   a n d  a 
s h o r t  was p l a c e d   o n  i t ,  it exp loded .  

( F i g u r e   1 2 - 4 )  

We h a v e   o n l y   d o n e   t h a t   w i t h   t w o  c e l l s ,  and   bo th   o f   t hem  d id  
t h e  same t h i n g .  

Now, t h a t  i s  n o t   t o   s a y   t h a t   t h e r e  a r e  no   o ther   ways .   They  
o n l y   t o o k   a b o u t   1 2   m i n u t e s   t o   e x p l o d e  a f t e r  being  removed  f rom  the 
b a t h .  I am sure  t h e   s h o r t  was n o t   n e c e s s a r y .  

DISCUSSION 

HUBER: On y o u r   f i r s t   e x p e r i m e n t ,   d i d   y o u   h a v e   t h e  300 F tem- 
p e r a t u r e   o n   t h e   f u l l y   d i s c h a r g e d  c e l l ,  a n d   n o t   t h e   f u l l y   c h a r g e d  
one?  I t  wou ld   no t   have   been   t he  same t h i n g .  

BENE: Yes. I f   y o u   d i d   t h a t   o n   t h e   f r e s h  ce l l s ,  they  would 
ven t   a round   215 ,  220 F. The c e l l  h a s  b e e n   t o t a l l y   d i s c h a r g e d .  
O c c a s i o n a l l y ,   n o t h i n g   h a p p e n s   t o   t h e m  a t  temperatures above 300 F. 
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HUBER: P e r h a p s   y o u   h a v e   n o t   c o n s i d e r e d   t h i s  aspect.  Do you 
h a v e   a n y   a n s w e r s   t o  a f u l l y   d i s c h a r g e d  c e l l  h a v i n g   a n y   a d v e r s e  
r e a c t i o n   w i t h o u t   a n y   a b u s e   t e s t i n g ,   s u c h  as b e i n g   h e a t e d   o r   c r u s h -  
e d ,   b u t  j u s t  b e i n g   a l l o w e d   t o  l i e  around.  

BENE: I have  had  no ce l l s  t h a t   b l e w  u p  as  s u c h ,  or, even  
v e n t e d   v i o l e n t l y .  

I am t r y i n g   t o   t h i n k   b a c k .  What you a re  a s k i n g  i s  someth ing  
we d i d   y e a r s   a g o .  

We h a v e   h e a t e d  u p  c e l l s  t h a t   h a v e   b e e n   d i s c h a r g e d   a n d   n o t  re- 
v e r s e d .  

HUBER: Yes, I c a n   u n d e r s t a n d  it w i t h   t h e   h e a t i n g .  I am look-  
i n g  a t  a s p e c i f i c   p r o b l e m   t h a t  I d o   n o t   w a n t   t o   h a v e   m y s e l f ,   a n d  
am j u s t  c h e c k i n g  some t e s t i n g  you  have  done. 

BENE: The l a s t  t e s t  I showed t h e  c e l l  b lown .   Tha t   has   no t  
b e e n   a b u s e d   o r   r e v e r s e d .  

HUBER: Tha t  is t r u e ,  except  t h a t  i t  had   been   sho r t ed ,   wh ich  
c a n   c e r t a i n l y   h a p p e n .  

BENE;: The r a p i d i t y   w i t h   w h i c h  i t  b lew,  a s  f a s t  a s  t h e  tem- 
pera ture  r i s e  was, may not   have   been   caused   by  a s h o r t .  Now, you 
cou ld   have  a f a i r l y  low  impedance  load  on  the c e l l  pack, and  you 
would s t i l l  g e t   t h e  same problem. 

I t h i n k   t h e   p o i n t  I am t r y i n g   t o  m a k e  more   t han   any th ing  i s  
t h a t  Li/SO2 c e l l  t h a t  a r e  S02- l imi t ed  a r e  dange rous   an ima l s  
o n c e   t h e y   h a v e   b e e n   d i s c h a r g e d .  

HUBER: I r e c o g n i z e   t h a t .   I n  my a p p l i c a t i o n  w e  o n l y  t a k e  them 
down t o  between 5 0  and 7 5 %  o f  a f u l l y   c h a r g e d .   T h e y  a r e  d i s -  
c h a r g i n g  by 50 o r  7 5 % .  Tha t  is t h e   e n d   o f   t h e i r   l i f e .  

However a d v e r s e   c i r c u m s t a n c e s ,  it i s  p o s s i b l e   t o   d i s c h a r g e  
them a l l  t h e  way b e f o r e   t h e y  a re  p u t  t o   t h e i r   i n t e n d e d  u s e .  I 
t h i n k   t h e   d i s c h a r g e  i s  g o i n g   t o   b e   p r o b a b l y  a t  a b o u t  4 0 0  mA r a t e .  
I t  is a l i t t l e  d i f f i c u l t   t o  a t  p r e s e n t .  My p e r s o n a l   f e e l i n g ,   f r o m  
what w e  have   obse rved  so f a r ,  is t h a t   t h o s e   v e n t s  are  d u e   t o   l o -  
c a l i z e d   h e a t i n g   w h i l e   u n d e r   l o a d  or i n   r e v e r s a l .  

Those c e l l s  are  much, much s a f e r   t h a n   a n y   o t h e r  c e l l .  

PALANDATI:  Do you   have   any   i dea  a s  t o  how t h e   t h i o n y l   c h l o r -  
i d e  c e l l  o r   t h e  BSX c e l l s  were i n t e r n a l l y   d e s i g n e d  a s  f a r  as  l i t h -  
i u m  v e r s u s   t h i o n y l   c h l o r i d e ,  e t c ?  

BENE: No. 
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JAMES: I was i n t e r e s t e d   i n   y o u r   p o i n t   t h a t  c e l l s  do   no t   have  
t o  be d r i v e n   i n t o   v o l t a g e   r e v e r s a l   i n   o r d e r   t o   e x p l o d e .  

As Dr. K i l r o y   m e n t i o n e d   i n   t h e   p r e v i o u s  t a l k ,  it is  n o t   n e c e s -  
s a r y   t o   g e t   l i t h i u m   m i x e d  u p  w i t h   t h e   c a r b o n  of t h e   c a t h o d e .  I t  
is n o t   n e c e s s a r y   t o  be able  t o  p l a t e  l i t h i u m   o u t  as  d e n d r i t e s .  Up 
t o  1, maybe e v e n   1 . 5 V ,   t h e   c a r b o n   c a n   a b s o r b   l i t h i u m  a t  u n d e r v o l t -  
age  owing t o   t h e   f o r m a t i o n   o f   w h a t  is p r o b a b l y  a l i t h i u m   c a r b o n  
i n t e r c a l a t e .   T h e s e   i n t e r c a l a t e s  a r e  a c t u a l l y   v e r y  much more reac- 
t i v e   w i t h   m o s t   s o l v e n t s   t h a n  i s  p u r e   l i t h i u m  because t h e y  a r e  n o t  
p a s s i v a t e d .  I t  i s  l i k e  you  have a t r e m e n d o u s   m o n o l a y e r   o f   l i t h i u m  
i n  these l a y e r s   b e t w e e n  t h e  c a r b o n   s h e e t s .   T h i s   m i g h t  be invo lved  
in   wha t   you  saw. 

Were t h e  c e l l s  t h a t   e x p l o d e d   a f t e r   s h o r t i n g   t h i o n y l   c h l o r i d e  
ce l l s ?  

BENE: The one  c e l l  t h a t  I showed,   which  exploded,   had  not  
been   r eve r sed .   Tha t  was an   S02- l imi t ed  c e l l .  

The  problems w e  a r e  s e e i n g   w i t h   l i t h i u m - l i m i t e d  c e l l s  is a b o u t  
1% o f   t h o s e  t h a t  w e  had w i t h  t h e  SO2 l i m i t e d  c e l l .  Even  though 
I t h i n k  some o f  these  t h i n g s  t h a t  you  ment ioned  might  come i n t o  
p l a y ,  t h e  o v e r r i d i n g   f a c t o r   w i t h   t h e   S 0 2 - l i m i t e d  c e l l  is t h e  
basic  b a l a n c e .  

Once t h e   s u l f e r   d i o x i d e  is e x h a u s t e d ,   t h e   l i t h i u m   a c e t o n i t r i l e  
r e a c t i o n   o c c u r s .  T h a t ,  i n   t u r n ,   p r o d u c e s   m e t h a n e   ( w h i c h  we cover -  
ed he re   two  or  t h r e e   y e a r s   a g o .  

Our whole   approach  was t o   t r y   t o   g e t   a r o u n d   t h a t   p r o b l e m .  The 
o n l y  way t o  d o   t h a t  is t o  u s e  up a l l  t h e  l i t h i u m   a n d  s t i l l  keep an 
excess o f   s u l f u r   d i o x i d e .  
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PANEL DISCUSSION: SAFETY-- 
WHOSE RESPONSIBILITY? 
Chairman, C. S c u i l l a  

C I A  

SCUILLA: How s e r i o u s  is t h e   b a t t e r y   p r o b l e m ?   T o d a y  we have  
s e e n  some p a p e r s   c o n c e r n i n g   l i t h i u m   t e c h n o l o g y ,   a n d   t h e y   d e s c r i b e  
some v i o l e n t   v e n t i n g s   a n d   e x p l o s i o n s ,  as  well a s  g e n e r a l   l e a k a g e ,  
which can become a s a f e t y  i s sue  a t  times. 

I s h o u l d  l i k e  t h e   p a n e l   d i s c u s s i o n   n o t   t o   b e   l i m i t e d   t o   l i t h -  
i u m  b a t t e r y   t e c h n o l o g y ,   b e c a u s e   a p p r o x i m a t e l y   1 0 , 0 0 0   s a f e t y -  
r e l a t e d   i n j u r i e s   f r o m   b o t h  w e t  a n d   d r y   b a t t e r y   t y p e s   o n   t h e  com- 
mercial market h a v e   o c c u r r e d .  

Today w e  h a v e   b r o u g h t   t o g e t h e r  a p a n e l   o f   p r o d u c t - s a f e t y   e n -  
g i n e e r s ,   l e g a l   e x p e r t s ,   a n d   b a t t e r y   e n g i n e e r s   t o   d i s c u s s   t h e s e  
p a r t i c u l r   q u e s t i o n s .  We s h o u l d   a l s o  l i k e  a l o t   o f   a u d i e n c e  par- 
t i c i p a t i o n  

I s h o u l d  now l i k e  t o   i n t r o d u c e   t h e   p a n e l  members i n d i v i d u a l -  
l y .  They w i l l  e a c h   s p e a k   b r i e f l y   a n d   t h e n   t h e   p a n e l   d i s c u s s i o n  
w i l l  s t a r t .  

Our f i r s t  member is Mr. Rober t  Estes,  o f   t h e  Consumer P r o d u c t  
S a f e t y   C o m m i s s i o n ,   E l e c t r i c a l   E n g i n e e r i n g   D i v i s i o n .  He w i l l  speak 
b r i e f l y   o n   t h e   f u n c t i o n   o f   t h e  Consumer P roduc t   Sa fe ty   Commiss ion ,  
a n d   t h e   N a t i o n a l   E l e c t r o n i c   I n j u r y   a n d   S u r v e i l l a n c e   S y s t e m   ( N E I S S )  
i n j u r y   d a t a   b a s e .  

ESTES: I am n o t   a n  exper t  o n   l i t h i u m   b a t t e r i e s .  A s  a m a t t e r  
O f  f a c t ,  I am n o t   e v e n   a n   e x p e r t  on wet c e l l  o r   d r y  c e l l  b a t t e r -  
i es .  I am a n   e l e c t r i c a l   e n g i n e e r   w i t h   t h e   E n g i n e e r i n g   S c i e n c e s  
D i r e c t o r a t e  a t  t h e  Consumer  Product   Safety  Commission.   However ,  I 
have  been a f o c a l   p o i n t   f o r   c o n t a c t   f o r   p e o p l e   w i t h   p r o b l e m s   o r  
c o m p l a i n t s   r e l a t e d   t o   b a t t e r i e s .  

I d o   n o t  know  how many of  you a r e  f a m i l i a r   w i t h   t h e  Consumer 
Product   Safe ty   Commiss ion .   The   Consumer   Product   Safe ty  
Commiss ion ,   o r   Product  A c t  was s i g n e d   i n t o  law i n   O c t o b e r   1 9 7 2 ,  
a n d   t h e   C o m m i s s i o n   i t s e l f  was e s t a b l i s h e d  as an   i ndependen t   r egu-  
l a t o r y   a g e n c y   i n  May 1973.  

T h e   p u r p o s e   o f   t h e  Consumer P roduc t   Sa fe ty   Commiss ion  is t o  
p r o t e c t   t h e   p u b l i c   a g a i n s t   u n r e a s o n a b l e  r i s k s  of i n j u r y   a s s o c i a t e d  
wi th   consumer   p roducts .   The  term "consumer  product"   means  an a r -  
t i c l e  p r o d u c e d   o r   d i s t r i b u t e d   f o r  s a l e  o r   u s e   i n   a n d   a r o u n d  a 
h o u s e h o l d   o r   r e s i d e n c e ,   o r  a s c h o o l ,   i n   r e c r e a t i o n   o r   o t h e r w i s e .  

We are  exc luded   f rom  such  areas  as a u t o m o b i l e s ,   a i r c r a f t ,  
f o o d s ,   d r u g s   a n d  a r t i c l e s  n o t   p r o d u c e d   f o r  u s e  by consumers .  Some 
o f   t h o s e  a reas  would  be  covered  by OSHA o r   o t h e r   r e g u l a t o r y   a g e n -  
c ies .  
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T h e   r e a s o n   f o r   t h e   e x i s t e n c e   o f  a Consumer   P roduc t   Sa fe ty  
Commission is t h a t  it is estimated t h a t   e a c h   y e a r   t h e r e  are  ap- 
p r o x i m a t e l y   3 6   m i l l i o n   i n j u r i e s   a n d   3 0 , 0 0 0   d e a t h s   i n   a c c i d e n t s  
i n v o l v i n g   c o n s u m e r   p r o d u c t s .   T h e   f i n a n c i a l   c o s t   o f   t h e   a c c i d e n t s  
is s t a g g e r i n g .  I t  is almost $ 1 0   b i l l i o n   a n n u a l l y .  Of course, w e  
c a n n o t   p r e v e n t  a l l  t h e s e   i n j u r i e s ,  because many of   them a r e  caused  
by f a c t o r s   o u t   o f   o u r   c o n t r o l .   H o w e v e r ,  a number of   them  can  be 
a t t r i b u t e d  t o   d e s i g n   p r o b e l m s ,  or what w e  m i g h t   c o n s i d e r   r e a s o n -  
able f o r e s e e a b l e  m i s u s e .  These a r e  t h e  areas  t h a t  w e  t r y   t o  a3- 
dress .  

The p r i m a r y   s o u r c e   o f   i n j u r y  d a t a  f o r   t h e  Consumer  Product 
Safe ty   Commiss ion  is t h e  N E I S S  sys tem.  We c o l l e c t  da t a  from ap- 
p r o x i m a t e l y  70  s t r a t e g i c a l l y   l o c a t e d   e m e r g e n c y   h o s p i t a l   r o o m s  
t h r o u g h o u t   t h e   U n i t e d  S ta tes .  I s a y   " s t r a t e g i c a l l y "  because t h e y  
a r e   p l a n n e d   t o   g i v e  a broad  spectrum o f   w h a t   g o e s   o n   i n  t h e  Uni ted  
S t a t e s .  They a r e  n o t  a l l  l o c a t e d   i n   u r b a n  or m e t r o p o l i t a n  areas.  
O r i g i n a l l y   t h e r e  were a b o u t   1 3 0 ,   b u t  we f o u n d   t h a t   t h e  same q u a l -  
i t y   o f  d a t a  may be o b t a i n e d   f r o m  70 .  When a p e r s o n  comes i n t o   o n e  
o f   t hese   emergency   rooms  w i t h  a n   i n j u r y ,   c e r t a i n   i n f o r m a t i o n  i s  
reco rded ,   and  a t  n i g h t   t h e s e  da t a  a r e  t r a n s m i t t e d   t o   t h e  Consumer 
P roduc t   Sa fe ty   Commiss ion ,   where   t hey  a r e  t a b u l a t e d   a n d  statis- 
t i c a l  i n f o r m a t i o n   g a t h e r e d .  

The N E I S S  s y s t e m   c o l l e c t s  d a t a  unde r   such   head ings  as  t h e  
p r o d u c t   i n v o l v e d .  We h a v e   n e a r l y  1 0 0 0  d i f f e r e n t   p r o d u c t   c o d e s .  
'Wet c e l l   b a t t e r i e s '  i s  a product code.   'Dry c e l l  ba t t e r i e s '  is a 
p roduc t   code .  A p a r t i c u l a r  brand   would   no t  be a p roduc t   code .  
Any da t a  f r o m   i n j u r i e s   f a l l i n g   w i t h i n  a p a r t i c u l a r   p r o d u c t   c o d e  
would be r e c o r d e d   u n d e r   t h a t   c o d e .   T h e   i n f o r m a t i o n   w o u l d   i n c l u d e  
t h e  p r o d u c t   i n v o l v e d :   t h e   a g e   a n d  s e x  o f   t h e   i n d i v i d u a l ;   t h e   t y p e  
o f   i n j u r y  ( a  c u t ,  a l a c e r a t i o n ,  a the rma l   bu rn  or  a chemical 
b u r n ) .  T h i s  i n f o r m a t i o n  i s  r e c o r d e d .  We a l s o   c o l l e c t  d a t a  o n   t h e  
p a r t  of  t h e  body  involved .  

From t h e  da t a  t h a t  we r e c e i v e   f r o m   t h e   e m e r g e n c y  room we e s t i -  
mate t h e  number of i n j u r i e s   t h a t  would be a s s o c i a t e d   w i t h   t h a t  
p r o d u c t  each y e a r .  T h u s  t h e   f i g u r e   o f   1 0 , 0 0 0   b a t t e r y   i n j u r i e s  i s  
predicted from a much lower  number of a c t u a l  i n j u r i e s .  

A l so ,  w e  c a n   s o m e t i m e s   f i n d   o u t   s u c h   i n f o r m a t i o n  as how t h e  
p r o d u c t  r e l a t e s  t o   t h e   t y p e   o f   i n j u r y ,  by s i m p l y   l o o k i n g  a t  t h e  
N E I S S  da ta .  For i n s t a n c e ,   m o s t  o f  t h e   i n j u r i e s  caused by lawn 
mowers  would be l a c e r a t i o n s ;   m o s t  of t h e   i n j u r i e s  caused by  an- 
o t h e r   p r o d u c t  may o c c u r   t o  a p a r t i c u l a r   a g e   g r o u p ,   a n d  we might  
want t o  p u t  p a r t i c u l a r  e m p h a s i s   o n   p r o t e c t i n g   t h a t   a g e   g r o u p .  

We h a v e   o t h e r   m e a n s   o f   c o l l e c t i n g  da ta .  One i s  from  consumer 
complaints .   Somebody w i l l  c a l l  i n   a n d  t e l l  u s  t h a t  some p r o d u c t  
o f  t h e i r s  m a l f u n c t i o n e d ,  o r  t h a t  it c a u s e d   a n   i n j u r y .  We a l s o  
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c o l l e c t   i n f o r m a t i o n   f r o m   n e w s p a p e r   c l i p p i n g s .   G o i n g   t h r o u g h   t h o s e  
w e  may see w h e r e   a n   i n j u r y   o c c u r r e d  or  somebody was k i l l e d   b e c a u s e  
o f  a p a r t i c u l a r   p r o d u c t .  We t h e n  make  n o t e   o f   t h a t .  

As well as NEISS, t h e   I n - D e p t h   I n v e s t i g a t i o n   R e p o r t s  are  v e r y  
u s e f u l .   T h i s  i s  where we a c t u a l l y   i n t e r v i e w   t h e   v i c t i m ,  a rela- 
t i v e   o r  a w i t n e s s .  We c a n   g e t   i n - d e p t h   i n f o r m a t i o n   o n   t h e  ac- 
c i d e n t   f r o m   t h e s e   r e p o r t s ;   t h i s  i s  n o t   a v a i l a b l e   f r o m  NEISS,  which 
s imply   i n fo rms  u s  t h a t   t h e r e  was a b a t t e r y   i n v o l v e d   i n   a n  acci- 
d e n t ,   a n d  a p e r s o n ,   p e r h a p s ,   r e c e i v e d  a chemica l   bu rn .  

We t h u s   h a v e  many w a y s   o f   r e s p o n d i n g   t o   i n j u r i e s ,   a n d   t h e n   o f  
t a k i n g  a s u i t a b l e   c o u r s e   o f   a c t i o n .  

SCUILLA: Our n e x t   p a n e l  member is Mr. Mi lan   Ruzicka .  H e  is 
m a n a g i n g   e d i t o r   o f   P r o d u c t   S a f e t y   a n d   L i a b i l i t y   R e p o r t e r ,   a n d  is 
a l s o  a l aywer .  

He w i l l  speak b r i e f l y   o n   t h e   l e g a l   a s p e c t s   o f   s a f e t y   a n d   p r o d -  
u c t  l i a b i i i t y .  

R U Z I C K A :  D u r i n g   t h i s   m e e t i n g  w e  a r e  d i s c u s s i n g   t h e   d e s i g n ,  
p r o d u c t i o n ,   t e s t i n g   a n d   p e r h a p s   s e l l i n g   o f   b a t t e r i e s .  

I s h o u l d  l i k e  t o  t a l k  a b o u t   w h a t   h a p p e n s   a f t e r   y o u   h a v e  l e t  go 
of   your   p roduct   and  it causes a n   i n j u r y .  You a r e ,  o f   c o u r s e ,   t h e n  
f a c i n g  a p o t e n t i a l   p l a i n t i f f .  

Under t h e   p r e s e n t  law i n   t h e   U n i t e d   S t a t e s ,   y o u   c o u l d   b e   s u e d  
u n d e r   s e v e r a l   t h e o r i e s :   t h e   t r a d i t i o n a l   n e g l i g e n c e   t h e o r y ,   b r e a c h  
of w a r r a n t y ,  s t r i c t  l i a b i l i t y   a n d   f r a u d  or  m i s r e p r e s e n t a t i o n .  

Under t h e   n e g l i g e n c e   t h e o r y ,   t h e   o l d e s t   t h e o r y   i n   t h e  common- 
w e a l t h   s y s t e m ,   t h e   p l a n t i f f   s i m p l y   a l l e g e s   t h a t   y o u   h a v e   b e e n   n e g -  
l i g e n t   i n  mak ing   t he   p roduc t .  To de te rmine   neg l igence ,   your   con -  
d u c t  is c o m p a r e d   w i t h   t h a t  o f  o t h e r   b a t t e r y   m a n u f a c t u r e r s ,   a n d   i f  
it f a l l s  b e l o w   t h a t   s t a n d a r d ,   y o u   c o u l d   b e   f o u n d   n e g l i g e n t .  The 
same appl ies  i f  y o u   d i d   n o t   c o m p l y   w i t h   e x i s t i n g   s t a n d a r d s ,  whe- 
t h e r   i n d u s t r i a l   o r   m a n d a t o r y .  

B r e a c h   o f   w a r r a n t i e s :   w a r r a n t i e s  a r e  e x p r e s s   s t a t e m e n t s   t h a t  
you  have made a b o u t   y o u r   p r o d u c t .   T h e y   c a n   b e   e i t h e r   w r i t t e n  or 
o r a l ,   e i t h e r   y o u r s  as m a n u f a c t u r e r s  o r  y o u r   a g e n t s ' .   T h a t  i s ,  i f  
you  have a ne twork   o f   s a l e sman  or d i s t r i b u t o r s ,   t h e i r   s t a t e m e n t s  
can  be  imputed t o  y o u   a n d   y o u   c a n   b e   h e l d   l i a b l e .  

S t r i c t   l i a b i l i t y :  I b e l i e v e   t h a t   t h i s  is t h e   m o s t   p r o b l e m a t i c  
area f o r   m o s t   i n d u s t r i e s ,   b e c a u s e   u n d e r   t h i s   t h e o r y   t h e   b u r d e n   o n  
t h e   p l a i n t i f f   t o   p r o v e   h i s  case h a s   b e e n   l o w e r e d   t o  a p o i n t   w h e r e  
i t  is r e l a t i v e l y   e a s y .  
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Under s t r i c t  l i a b i l i t y ,   y o u   n o   l o n g e r   e x a m i n e   t h e   b e h a v i o r   o f  
t h e   m a n u f a c t u r e r   a n d   c o m p a r e   t h a t   w i t h   t h e   b e h a v i o r   o f   t h e   i n -  
d u s t r y  as a w h o l e .   I n s t e a d ,   y o u   s w i t c h   a t t e n t i o n   f r o m   t h e  manu- 
f a c t u r e r   t o   t h e   p r o d u c t   i t s e l f .  

The re  a re  s e v e r a l   e l e m e n t s   t o  s t r i c t  p r o d u c t   l i a b i l i t y .  A l l  
t h e s e   h a v e   t o   b e   p r o v e d  by t h e   p l a i n t i f f :   t h a t   p r o d u c t  m u s t  be 
f o u n d   d e f e c t i v e ;   t h a t   t h e   d e f e c t   p o s e s   a n   u n r e a s o n a b l e   h a z a r d ;  
t h a t   t h e   p l a i n t i f f   h a s   b e e n   i n j u r e d   a n d   t h e   i n j u r y   h a s   b e e n   c a u s e d  
by t h e   d e f e c t   i n   t h e   p r o d u c t .  

T h e   p r o d u c t  may be d e f e c t i v e   i n  a number   o f   ways .   Defec ts   in  
m a n u f a c t u r i n g  a r e  t h e  eas ies t  a n d   t h e   m o s t   f r e q u e n t   e x a m p l e s ;   t h e y  
a r i s e  when t h e   p r o d u c t  was s i m p l y   n o t  made as  d e s i g n e d   ( w h e n   t h e  
m a n u f a c t u r i n g   p h a s e   d i d   n o t  use t h e  mater ia l s  o r   t h e   s p e c i f i c a -  
t i o n s  ca l led  f o r  by t h e   d e s i g n   d e p a r t m e n t ,   o r  when a n   i m p e r f e c t i o n  
o c c u r r e d   i n   t h e   p r o d u c t ) .  

Des ign  i s  o n e   o f   t h e   m o s t   d i f f i c u l t  areas  o f  s t r i c t  l i a b i l -  
i t y .  A d e s i g n   d e f e c t  i s  i n d i c a t e d   w h e n ,   a n   e x a m i n a t i o n   o f   t h e  
p r o d u c t ,  it p e r f o r m s   a n d   f u n c t i o n s   e x a c t l y  as  i n t e n d e d ,   a n d  s t i l l  
causes a n   i n j u r y .   I n   t h e   d e s i g n  cases ,  u n d e r   t h e  law of   mos t  
s t a t e s ,  t h e   c o u r t   o r   t h e   j u r y   e n g a g e s   i n  a b a l a n c i n g  a c t ,  ba l anc -  
i n g   t h e   u t i l i t y   o f   t h e   p r o d u c t  as  it was d e s i g n e d   a g a i n s t   t h e  
r i s k .  The p l a i n t i f f   i n   m o s t   j u r i s d i c t i o n s  m u s t  p r e s e n t   a n  a l t e r -  
n a t i v e   d e s i g n   a n d ,   t h r o u g h   e x p e r t s ,  m u s t  p r o v e   t h a t   t h e   a l t e r n a -  
t i v e  is s a f e r   a n d ,   o n   b a l a n c e ,   d o e s   n o t   d e c r e a s e   o r   d e s t r o y   t h e  
u t i l i t y   o f   t h e   p r o d u c t .  

The t h i r d  way a p r o d u c t   c a n  be f o u n d   d e f e c t i v e  i s  i f  it is n o t  
e q u i p p e d   w i t h   s u f f i c i e n t   w a r n i n g s .   T h e   p r o d u c t  may b e   p e r f e c t l y  
des igned   and   made ,   and   ye t   pose  a h a z a r d   f o r   w h i c h   t h e   w a r n i n g  i s  
i n s u f f i c i e n t   o r   e v e n   a b s e n t .  I a n t i c i p a t e   t h a t   i n   t h e   b a t t e r y  
a rea  t h e   w a r n i n g  may b e   a n   i m p o r t a n t   t o p i c ,   a n d  s o  I s h o u l d  l i k e  
t o   s a y  a few  words   about  when t h e   d u t y   t o   w a r n  a r i s e s .  Th i s   oc -  
cu r s  when t h e   p r o d u c t   p o s e s  a r i s k ;  when t h e  r i s k  i s  known t o   t h e  
manufac tu re r  a t  t h e  time t h e   p r o d u c t  was made;  and when it is 
f e a s i b l e   t o   g i v e   w a r n i n g s .  

The re  a r e  v e r y   f e w   g e n e r a l  r u l e s  o f   a p p l i c a t i o n   a b o u t   w a r n i n g s  
t h a t  I c o u l d   m e n t i o n .   N e i t h e r  I nor  anybody e l se  c o u l d  t e l l  you 
what is a p e r f e c t   w a r n i n g ,   b u t   t h e r e  a r e  s e v e r a l  r u l e s .  

One of  them is  t h a t   e v e n   t h o u g h   t h e   w a r n i n g   y o u   h a v e   g i v e n  
c o m p l i e s   w i t h   i n d u s t r i a l   o r   m a n d a t o r y   s t a n d a r d s ,   y o u   c a n  s t i l l  be 
h e l d   l i a b l e   f o r   n o t   g i v i n g   s u f f i c i e n t   w a r n i n g s .  

A n o t h e r   g e n e r a l   r u l e  i s  t h a t  you   cannot  u s e  warn ings  as  a 
m e a n s   o f   e l i m i n a t i n g  a haza rd .   In   o the r   words ,   you   canno t   improve  
t h e   w a r n i n g s   i n s t e a d   o f   i m p r o v i n g   t h e   d e s i g n   o f   y o u r   p r o d u c t .  
Your f i r s t   d u t y  is t o   d e s i g n   h a z a r d s   o u t   o f   y o u r   p r o d u c t ,   a n d   t h e n  
t o   p r o v i d e   w a r n i n g s   f o r   t h o s e   t h a t   r e m a i n .  
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Not   on ly   mus t   t he  r i s k  be  known a t  t h e  time o f   manufacu t r e ,  
bu t   you   have  a d u t y   t o  t e s t  t h e   p r o d u c t   t o   f i n d   o u t   w h a t   s o r t   o f  
r i s k s  it p o s e s .  For t h o s e   o f   y o u   h a v e   h e a r d   a b o u t   t h e   a s b e s t o s i s  
cases, m o s t   o f   t h e   a l l e g a t i o n s  a re  t h a t   t h e   m a n u f a c t u r e r s   d i d   n o t  
t e s t  t h e   p r o d u c t   t o   f i n d   o u t   t h e  r i sks .  

T h e   d e f e n s e s   i n  a f a i l u r e - t o - w a r n  case a re  as f o l l o w s :   t h a t  
t h e  r i s k  was n o t  known a t  t h e  time o f   m a n u f a c t u r e ;   t h a t  tests per- 
f o r m e d   b u t   t h e  s t a t e  of   knowledge   and   technology were n o t   s u f f i -  
c i e n t l y   a d v a n c e d   t o   d i s c o v e r   t h e   h a z a r d ;   t h a t   t h e  r i s k  is o b v i o u s  
t o  a r e a s o n a b l e   p e r s o n ;   a n d   t h a t   p l a i n t i f f   a s s u m e d  known r i s k .  

For t h o s e   o f   y o u  who market y o u r   p r o d u c t s   o v e r s e a s ,   e s p e c i a l l y  
i n   E u r o p e ,   t h e r e  is u n d e r   c o n s i d e r a t i o n  an  EEC d i r e c t i v e   t h a t  
would m a k e  you l i a b l e   e v e n   t h o u g h   y o u   c o u l d   n o t   p o s s i b l y   h a v e  know 
a b o u t   t h e  r i s k .  I t  may t a k e  a n o t h e r   y e a r   f o r   t h i s   d i r e c t i v e   t o   b e  
adopted,   and i t  w i l l  t h e n  become t h e  law of  a l l  t h e  member coun- 
t r i e s  of  the  European  Economic  Community. 

I f   t h e   r i s k  i s  o b v i o u s ,  a warn ing  i s  unnecessary .   For  e x -  
ample, y o u   d o   n o t   h a v e   t o   p l a c e  a s i g n   o n  a k n i f e   s a y i n g   t h a t  it 
c u t s  f l e s h .   H o w e v e r ,   t h i s   a l s o   v a r i e s .  I wish  I c o u l d   g i v e   y o u  
examples  of  c o u r t   d e c i s i o n s   i n v o l v i n g   b a t t e r i e s  , b u t   t h e r e  a r e  
too  few.  However,  I d i d   h e a r   a b o u t  a r e c e n t  case from  Utah  in  
w h i c h   t h e   S t a t e   S u p r e m e   C o u r t   h e l d  a c h a m p a g n e   m a n u f a c t u r e r   l i a b l e  
f o r   f a i l i n g   t o  w a r n   a b o u t   t h e   p r e s s u r e   o f   t h e   g a s   i n s i d e   t h e   b o t -  
t l e .  T h e   C o u r t   a d m i t t e d   t h a t   t h i s   s o r t   o f  r i s k  would  be  obvious 
t o  somebody l i v i n g   i n  N e w  Y o r k ,   b u t   t o   p e o p l e   i n   U t a h ,  who d o   n o t  
d r i n k  much champagne ,   the  r i s k  i s  g r e a t e r .   T h e r e f o r e ,  as  f a r  a s  
Utah  is c o n c e r n e d ,   c h a m p a g n e   b o t t l e s  m u s t  c a r r y   w a r n i n g s .  

A s  r e g a r d s   t h e   d e f e n s e   t h a t   t h e   p l a i n t i f f   a s s u m e d  known r i s k ,  
t h e   a s s u m p t i o n  of r i s k  is v e r y   s u b j e c t i v e .  You c a n   i n q u i r e  whe- 
t h e r  t h a t  p a r t i c u l a r   p l a i n t i f f  knew a b o u t   t h a t  p a r t i c u l a r  h a z a r d .  
I f   h e   d i d ,   y o u   h a v e   p r o v e d   t h e   a s s u m p t i o n   o f   r i s k   a n d   d e f e a t e d   t h e  
p l a i n t i f f ' s  case.  

Another ,  less f r e q u e n t ,   d e f e n s e  i s  t h a t   t h e   p l a i n t i f f  was an  
e x p e r t   a n d  t h e r e f o r e   s h o u l d   h a v e  known a b o u t  t h e   h a z a r d .   T h i s  
p a r t i c u l a r  d e f e n s e  i s  a l l o w e d   i n  o n l y  a v e r y  f e w   j u r i s d i c t i o n s .  

SCUILLA: Our n e x t   p a n e l  member i s  M r .  J o h n   C a l l a n ,   o f   t h e  
NASA/Goddard S p a c e   F l i g h t   C e n t e r ,   O f f i c e   o f   t h e   C h i e f   C o u n s e l .  H e  
w i l l  speak b r i e f l y   a b o u t   t h e   g o v e r n m e n t ' s   u n i q u e   p o s i t i o n   i n   p r o d -  
u c t  l i a b i l i t y  law. 

CALLAN: I thank  M r .  R u z i c k a   f o r   t h a t   v e r y   g o o d   p r e s e n t a t i o n  
o n   t h e   s u b j e c t   o f   p r o d u c t   l i a b i l i t y .  
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I d o   n o t  know much a b o u t   p r o d u c t   l i a b i l i t y  law, as  a govern-  
m e n t   a t t o r n e y ,  because t h e   U n i t e d  S ta tes  government  i s  v e r y  well 
i n s u l a t e d   f r o m   p r o d u c t  l i a b i l i t y  claims. Two r e a s o n s   f o r   t h i s  are: 

F i r s t ,  t h e   g o v e r n m e n t  i s  g e n e r a l l y   n o t  a m a n u f a c t u r e r ,  se l le r  
o r  suppl ie r  o f   goods .  I t  i s  a user of g o o d s .   S e c o n d l y ,   t h e   p r i n -  
c i p l e  o f   s o v e r e i g n   i m m u n i t y   a l l o w s   t h e   g o v e r n m e n t   t o   a v o i d  many 
l i a b i l i t y  claims. Sove re ign   immuni ty  i s  based upon t h e   o l d  common 
law p r i n c i p l e   t h a t   t h e  King  can  do  no  wrong. T h i s  was even  car- 
r ied  i n t o   o u r   d e m o c r a c y   a n d   h e l d   t o   a p p l y   t o   t h e   U n i t e d  S t a t e s  
government   by  John  Marshal l   in  a case i n   1 8 2 1 .  The c o n c e p t   t h a t  
t h e  King  can  do  no  wrong,   and  cannot  be s u e d  u n l e s s   h e   g i v e s   h i s  
c o n s e n t .  The U . S .  government   gave i t s  c o n s e n t   o n l y   i n  1 9 4 6  t o  be 
sued u n d e r   t h e  Federal  T o r t  Claims A c t .  The Federal T o r t  Claims 
A c t  a l l o w s  s u i t s ;  h o w e v e r ,   a g a i n s t   t h e   g o v e r n m e n t   y o u   h a v e   t o  
p r o v e   n e g l i g e n c e  or  some wrongdoing   on   the  p a r t  of  a government 
e m p l o y e e   a c t i n g   w i t h i n   t h e   s c o p e   o f   h i s   e m p l o y m e n t .  

The Federal  T o r t  Claims A c t  is  v e r y   s p e c i f i c   a n d   v e r y   s t r i c t l y  
c o n s t r u e d .   I f   y o u   d o   n o t   h a v e  a claim u n d e r   t h e  A c t  a s  i t  i s  v e r y  
c l e a r l y  spe l led  o u t ,   t h e n   y o u   d o   n o t   h a v e  a claim. 

H o w e v e r ,   p r o d u c t   l i a b i l i t y  law is r e l e v a n t   t o   g o v e r n m e n t   c o n -  
t r a c t o r s   b e c a u s e   t h e y  a r e  s u b j e c t  t o   t h e  s t a t e  p r o d u c t   l i a b i l i t y  
laws, w h i c h   d i f f e r   i n   e v e r y   j u r i s d i c t i o n .  I t  i s  t h e r e f o r e  r e l e -  
v a n t   t o   u s   i n   t h e   g o v e r n m e n t ,  because when o u r   c o n t r a c t o r s  a re  
used t h e y   t r y   t o   g e t   u n d e r   t h e   c l o a k   o f   t h e   g o v e r n m e n t   i m m u n i t y .  
T h e y   a l s o   t r y   b y   l o b b y i n g   a n d   o t h e r   m e a n s ,   t o  m a k e  government   in-  
demnify  t h e m  when t h e y  a r e  p r o d u c i n g   s o m e t h i n g   o f  a haza rdous   na -  
t u r e  f o r   t h e   g o v e r n m e n t .  

SCUILLA:  We a re  t r y i n g   t o   p r o v i d e  some s o r t   o f   b a c k g r o u n d   t o  
lead i n t o   o u r   p a n e l   d i s c u s s i o n .   T h e r e  a r e  two   o the r   peop le   on  t h e  
p a n e l .  T h e  f i r s t  i s  Mr. Donald  Warburton. H e  i s  w i t h   t h e   N a v a l  
S u r f a c e  Weapons C e n t e r ,   a n d   h a s   h a d   a b o u t   2 5   y e a r s '   e x p e r i e n c e   i n  
t h e  deve lopmen t   o f   p r imary  b a t t e r i e s .  T h e   o t h e r  i s  Mr. Thomas 
Hennigan,  who is r e t i r e d  from NASA/Goddard and now h a s   h i s  own 
c o n s u l t i n g   b u s i n e s s .  He has  had 2 3   y e a r s '   e x p e r i e n c e   i n   t h e  de-  
ve lopmen t   o f   s econda ry  b a t t e r i e s .  

L e t  me a s k  t h e   f i r s t   q u e s t i o n .  What o t h e r   t y p e s   o f   b a t t e r y  
sys tems  have   had  s imi l a r  s a f e t y   i n c i d e n t s ?  

WARBURTON: All b a t t e r i e s  a re  p o t e n t i a l l y   d a n g e r o u s   i f   t h e y  
a re  used i m p r o p e r l y .   I n   t h e   m i l i t a r y ,   o f  t h e  c o n v e n t i o n a l   p r i m a r y  
s y s t e m s ,   o n e   t h a t   h a s   c a u s e d   c o n s i d e r a b l e   p r o b l e m ,   a g a i n   o r i g i n a l -  
l y  because o f  l a c k  o f   e d u c a t i o n ,  i s  the  magnesium  system.  People  
d i d  n o t   r e a l l y   c o n s i d e r   t h e   h y d r o g e n  t h a t  would be g e n e r a t e d  d u r -  
ing   the   reac t ion   of   magnes ium  and   manganese   d ioxide   (magnes ium 
r e a c t s  w i t h  t h e  e l e c t r o l y t e ,   w a t e r ,   a n d   f o r m s   h y d r o g e n   i n   c o p i o u s  
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q u a n t i t i e s ) .   T h e r e   h a v e   b e e n  many i n c i d e n t s   i n   w h i c h   e x p l o s i o n s  
have   occu r red .  I t h i n k   t h a t ,   f o r t u n a t e l y ,   t h e r e  were n o t   s e r i o u s  
i n j u r i e s .   H o w e v e r ,   c o n v e n t i o n a l   s y s t e m s   c a n ,   i n d e e d   d o ,   c a u s e  
g r e a t   h a z a r d s .  

HENNIGAN:  I t  i s  d i f f i c u l t   t o   t r y   a n d  remember a l l  t h e   s e r i o u s  
p r o b l e m s   t h a t   h a v e   o c c u r r e d   o v e r   t w e n t y   y e a r s .   H o w e v e r ,  I shou ld  
l i k e  t o   t r y   t o   e x p l a i n  some o f  my e x p e r i e n c e   w i t h   r e c h a r g e a b l e  
sys t ems .  

F i r s t ,  I s h o u l d  l i k e  t o   c a t e g o r i z e  some o f   t h e   f a i l u r e   o r  
s a f e t y   h a z a r d   m o d e s   t h a t  I h a v e   s e e n   o v e r   t h e   y e a r s :   t h e   b a t t e r y  
d e s i g n   p r o b l e m s ;  m i s u s e  o r   p e r s o n n e l   e r r o r s :   e q u i p m e n t   f a i l u r e ,  
which is n o t  a b a t t e r y   f a i l u r e ,   o f   c o u r s e ,   b u t  may cause a b a t t e r y  
t o   f a i l :   s h o r t i n g   o f   b a t t e r y  c e l l s  owing t o  metal t o o l s  or metal 
o b j e c t s   o n   t h e   p e r s o n n e l   w o r k i n g   w i t h   t h e   b a t t e r y ;   v o l t a g e   l e v e l s  
a s s o c i a t e d   w i t h   b a t t e r i e s ,   w h i c h  may n o t   b e   i m p o r t a n t   i n   t h e  b a t -  
t e r i e s  w e  a r e   t a l k i n g   a b o u t   t o d a y ,   b u t   h a v e   b e e n   i n   t h e  p a s t  and 
may b e   i n   t h e   f u t u r e :   a n d  a thermal   runaway.  

I s h o u l d  l i k e  t o  r e l a t e  some o f   t h e   p r o b l e m s   o f  b a t t e r i e s  I 
have d e a l t  w i t h   o v e r   t h e  l a s t  20  y e a r s .  Most o f   t h e s e  a r e  r e a l l y  
problems w i t h  sealed s p a c e c r a f t  b a t t e r i e s ,  which w e  u s e d   i n  tests 
f o r  s a t e l l i t e  programs.  Some of them a r e  m i l i t a r y   p r o b l e m s .  

A s  f a r  as  Ni/Cd b a t t e r i e s  a r e  conce rned ,  I e s t i m a t e d   t h a t   i n  
t h e  20 y e a r s ,  NASA a n d   t h e  A i r  F o r c e   p u r c h a s e  a t  l e a s t  60 ,000  
sealed ce l l s .  T h i s  is based  on a s u r v e y  made i n   1 9 7 0 ,  when t o -  
g e t h e r  w e  were buying  3000 c e l l s  a y e a r .  The  number was much 
h i g h e r   i n   t h e   1 9 6 0 ~ ~  and decreased i n   t h e   1 9 7 0 s ,   a n d  s o  a b o u t  
60,000 c e l l s  might  be nea r   t he   number .  

I t  i s  h a r d   t o  es t imate  t h e  number o f   b a t t e r i e s   t h a t  were made 
by b o t h  NASA and t h e  Air F o r c e ,  b u t  I t h i n k  1000 b a t t e r i e s  would 
be a reasonable   number .  

I d o   n o t  remember a n y   s e r i o u s   a c c i d e n t s  d u e  t o  b a t t e r i e s  o r  
c e l l  f a i l u r e   i n   t h e   s p a c e c r a f t - t y p e   b a t t e r i e s .   S e v e r a l   o c c u r r e d  
i n   d e v e l o p m e n t  b a t t e r i e s ,  i n c l u d i n g   o n e  a t  Crane  which was a de-  
v e l o p m e n t   b a t t e r y   u s i n g   r e c o m b i n a t i o n   e l e c t r o d e s .  One o u t   o f   a p -  
p r o x i m a t e l y  550 c e l l s  e x p l o d e d   i n  accelerated tes ts ,  which a r e  
p r e t t y   s t r e s s f u l ;  w e  e x p e c t e d   t o   l o s e  m o r e   t h a n   t h a t .  I w o n ' t   s a y  
t h e r e  were no l e a k s .  

I h e a r d   o f   o n e   i n c i d e n t   w h e r e ,   i n   t h e  A i r  F o r c e ,  a f a i r l y  
l a r g e   d e v e l o p m e n t  c e l l  b u r s t .   H o w e v e r ,   t h a t  was d u e   t o   a n   e q u i p -  
ment f a i l u r e   a s s o c i a t e d   w i t h   t h e  b a t t e r i e s .  I n   o t h e r   w o r d s ,  it 
was n o t  a c o m m e r c i a l   c h a r g e ,   b u t   t h e   e l e c t r o n i c s   i n   t h e   b a t t e r y  
i t s e l f .  

125  



A s  f a r  as s i l v e r  cadmium,  (Ag/Cd) I s h o u l d  say w e  u s e d   a b o u t  
1000 c e l l s  i n   t h i s  20 -yea r   pe r iod ,   and   made  a t  l e a s t  6 0  b a t t e r -  
ies .  One e x p l o d e d   o w i n g   t o   m i s u s e .   I n   t h a t  case t h e   w r o n g   t y p e  
o f   c h a r g e r  was u s e d  ( a  c o n s t a n t   c u r r e n t   c h a r g e r ) ,   w h i c h   o v e r -  
c h a r g e d   t h e   b a t t e r y .  One r u p t u r e  was d u e  t o  e q u i p m e n t   f a i l u r e .  
I n   t h e   v e n t e d   s i l v e r   z i n c   ( A g / Z n ) ,   o f   w h i c h  w e  d i d   n o t   u s e   m a n y ,  
we flew two s a t e l l i t e s  w i t h   v e n t e d   b a t t e r i e s   w h e r e   t h e   s i l v e r  
z i n c s  were t h e   m a i n   p o w e r   s u p p l y .  We h a d   o n e   f i r e   f l a s h   e x p l o s i o n  
d u e   t o   b a t t e r y  c e l l  problems. I was i n v o l v e d   i n   t h a t   i n v e s t i g a -  
t i o n .   T h r e  was a f i r e   d u e   t o   s i l v e r   z i n c s   o n   b o a r d   t h e  subma- 
r i n e .  We a r e  n o t   c e r t a i n   t h e  cause b e c a u s e   t h e   b a t t e r i e s  were 
b u r n e d  down or mel ted   down,  b u t  t h e   i n v e s t i g a t i o n   s h o w e d   t h a t   t h e  
f i r e  may h a v e   b e e n   s t a r t e d   b y  a h a r d   s h o r t ,   s e l f   s h o r t i n g .  As f a r  
as  I know, t h e r e  was n o   e x p l o s i o n .   H o w e v e r ,   t h e   m a i n   p r o b l e m  was 
t h a t   m e r c u r y   i n f i l t r a t e d   t h e   b a t t e r y   c o m p a r t m e n t   a n d  was v e r y   d i f -  
f i c u l t   t o  remove. 

We d i d   d e v e l o p m e n t   w o r k   o n   s e a l e d   s i l v e r   z i n c  c e l l s ;  w e  had 
a b o u t  50 c e l l s  -- t h e s e  a r e  p o t t e d  c e l l s ,  t h e y  a r e  n o t   s e a l e d  l i k e  
t h e   N i C d ' s  -- and we r a n  30 o f   t h e s e .   E s s e n t i a l l y ,  we had  no 
f a i l u r e s .  N o w ,  t h e s e   d o  leak a t  t h e   e n d   o f   l i f e   a n d  s t a r t  t o  
c rack ,  b u t  I d o   n o t   r e a l l y   c o n s i d e r   t h a t  a h a z a r d .  

I h a v e   n o t   r e a l l y   w o r k e d   o n   n i c k e l   h y d r o g e n  c e l l s ,  b u t  I have  
h e a r d   t h e  papers  and  I u n d e r s t a n d   t h e r e  were some p r o b l e m s   i n  ear -  
l y   d e v e l o p m e n t   w i t h   b o i l e r p l a t e  c e l l s  and a couple o f   t y p i c a l   c y l -  
i n d r i c a l  c e l l s .  I h a v e   n o t   r e a l l y   h e a r d   o f   a n y  problems l a t e l y .  

I d i d  m a k e  t h i s   g e n e r a l i z a t i o n   o n   t h e s e   b a t t e r i e s .   T h e   N i / C d ,  
b a t t e r y   c a n  t a k e  a b u s e ,   a n d  i s  n o t   p r o n e  t o  f a i l u r e  of e q u i p m e n t  
a n d   p e r s o n n e l   e r r o r s .   T h i s  does n o t  mean t h a t   y o u   c a n   a b u s e  it, 
b u t  it c a n  take  some f a i l u r e s  -- s u c h  a s  o v e r c h a r g e   f o r  a w h i l e ,  
e t c .  -- and it w i l l  l i v e .   T h e   s y s t e m  i s  b a s i c a l l y   s t a b l e ,   w i t h  no 
d e n d r i t e   f o r m a t i o n  as  s u c h ;   i f   t h e   b a t t e r y  i s  d o i n g   n o t h i n g  i t  is  
v e r y  s t a b l e .  

S i l v e r  cadmium c a n n o t  t ake  a n y   a b u s e ,   a n d  is  v e r y   p r o n e   t o  
e q u i p m e n t   f a i l u e s   a n d   p e r s o n n e l  e r r o r s .  I t  is a t  l e a s t  m o d e r a t e l y  
s t a b l e .  I t  d o e s   n o t   t e n d   t o   d e v e l o p   h a r d   s h o r t s ,   b u t  w i l l  d e v e l o p  
s o f t   s h o r t s   d u r i n g  i t s  l i f e .  H o w e v e r ,   t h e s e   d o   n o t  seem t o  r e s u l t  
i n   e x p l o s i o n s ,   s i m p l y   i n   c r a c k i n g   o f   t h e  c e l l  case,  b e c a u s e   t h e  
ce l l s  a r e  u n b a l a n c e d  a t  t h a t  time a n d   g a s  i s  i n v o l v e d   w i t h  c e l l s  
o f   h i g h   v o l t a g e .  

Now, s i l v e r   z i n c ,   w h e t h e r   s e a l e d   o r   n o t   c a n n o t  take any  
abuse .   They  a r e  p r o n e   t o   e q u i p m e n t   f a i l u r e   a n d   p e r s o n n e l   e r r o r .  
These  c e l l s  a r e  v e r y   l i k e l y   t o   d e v e l o p   s o f t   a n d   h a r d   s h o r t s .  One 
m a j o r   p r o b l e m   w i t h   t h e s e  i s  h y d r o g e n   e v o l u t i o n ,   e s p e c i a l l y   i n   e n -  
c l o s e d  a reas .  I f  oxygen  i s  p r e s e n t   a n d   a n   i g n i t i o n   s o u r c e  i s  
a v a i l a b l e ,   y o u   c a n   i m a g i n e   t h e   c o n s e q u e n c e s .  
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N O W ,  as f a r  as I know, t h e   n i c k e l   h y d r o g e n   c a n  take a b u s e  as 
f a r  as  r e v e r s a l   a n d   o v e r c h a r g e ,   a n d  appears t o  be a r a t h e r   s t a b l e  
sys tem.  From what I h a v e   s e e n   o f   t h e  Air  F o r c e   N i / C d ' s ,   t h e y  seem 
t o  be well e n g i n e e r e d ,   w e l l - c o n t r o l l e d   b a t t e r i e s .  

The re  a r e  a c o u p l e   o f   t h i n g s   h e r e   t h a t  were p o t e n t i a l   s a f e t y  
h a z a r d s .  The f i r s t  is t h e   v o l t a g e   l e v e l s ,   w h i c h   u s e d   t o   b e  a 
p r o b l e m   y e a r s   a g o ,  when 150 or 2 5 0 V  b a t t e r i e s  were r e q u i r e d .   T h i s  
i s  n o   l o n g e r  a major  problem.  However,  I h a v e   n o t i c e d   t h a t   t h e  
e l e c t r i c  car m a n u f a c t u r e s  are d e a l i n g   w i t h  72-1OOV. I d o   n o t  know 
w h e t h e r   t h e  DC v o l t a g e  is d a n g e r o u s ,   b u t  I remember s e e i n g  a warn- 
i n g   i n  a G e n e r a l   R a d i o   i n s t r u c t i o n   m a n u a l   a b o u t   n o t   c u t t i n g   a c r o s s  
t h e  5 0 0 V  t e r m i n a l s ;  i t  m e n t i o n e d   t h a t  a p e r s o n  was k i l l e d  by 
22-5V.  I f i n d   t h a t   h a r d   t o   b e l i v e ,   b u t   G e n e r a l   R a d i o   d i d   s a y  it. 
I d o   n o t  know o f   a n y   t h e r m a l   r u n a w a y   o c c u r r i n g   i n   s p a c e c r a f t   b a t -  
t e r i e s .  I t h i n k   t h e   r e a s o n  i s  p r o b a b l y   t h a t   p e o p l e   u s u a l l y   h a v e  
q u i t e  a b i t   o f   m o n i t o r i n g ,   c h a r g i n g   a n d   d i s c h a r g i n g   e q u i p m e n t ,  
e t c . ,  and so t h e y   d o   n o t   h a v e   t h a t   p r o b l e m .  

I am n o t   s a y i n g   t h a t  I know a l l  a b o u t   t h e   f a i l u r e s   i n   t h e  
w o r l d   s i n c e   1 9 5 5   o r   1 9 6 0 ,   b u t   t h e s e   a r e  some o f   t h e   t y p i c a l   o n e s  I 
have   encoun te red .  

SCUILLA: I t h i n k  we h a v e   d e v e l o p e d   t w o   v e r y   i n t e r e s t i n g  
p o i n t s   h e r e :  t h e  o n e   t h a t  Mr. Warbur ton   sugges ted  a s  f a r  as  a l l  
b a t t e r i e s   b e i n g   h a z a r d o u s ,   a n d   t h e   o t h e r   a b o u t   b a t t e r i e s   b e i n g   i n  
t h e   d e v e l o p m e n t a l   s t a g e  as opposed to t h e   p r o d u c t i o n   s t a g e .  

I s h o u l d  l i k e  t o  a s k  a n o t h e r   q u e s t i o n   t o   t h e   p a n e l   a n d   t h e  
a u d i e n c e .  Can w e  g e n e r a l i z e  a b a t t e r y   s y s t e m ' s   h a z a r d   p o t e n t i a l  
i n t o ,   s a y ,   t w o   c a t e g o r i e s :   t h e   f i r s t   b e i n g   b a t t e r i e s   i n   t h e   d e -  
v e l o p m e n t   s t a g e   h a v i n g   t h e   h i g h e s t   s a f e t y   p o t e n t i a l ,   a n d   t h e  sec- 
o n d   b e i n g   b a t t e r i e s   i n   t h e   p r o d u c t i o n   s t a g e  maybe h a v i n g   t h e  
l e a s t ?  What would a m a n u f a c t u r e r   c o n s i d e r  a q u a l i f i e d   p r o d u c t i o n  
i tem? 

H E N N I G A N :  I t h i n k   o n e   o f   t h e   r e a s o n s ,   e s p e c i a l l y   s i n c e   t h e  
l a t e  1 9 6 0 ' s   t h a t  we h a v e   b e e n   v e r y   s u c c e s s f u l   w i t h   t h e  Ni/Cd and 
Ag/Cd is t h a t   t h e   m a n u f a c t u r e r  is s u b j e c t   t o   q u a l i t y   c o n t r o l   t o  
m a k e  t h e s e  c e l l s  i n  t h e  r i g h t  way. Development c e l l s ,  which u s -  
u a l l y  come o f f  some k i n d   o f   d e v e l o p m e n t   c o n t r a c t ,  a r e  n o t   u s u a l l y  
s u b j e c t e d   t o   t h i s .  I t  is  n o t   p a r t   o f   t h e   c o n t r a c t .   T h e n   t h e y  
spend a l l  t h e  money o n   t h e   d e v e l o p m e n t ,   a n d   d o   n o t   h a v e   v e r y  lit- 
t l e  money l e f t   t o   b u i l d  c e l l s ,  and   you   ge t   what  i s  l e f t .  

FRANK: I am g o i n g   t o   r e s p o n d   i n   t h e   f o r m   o f  a q u e s t i o n .   I f  
w e  a r e  p r o c u r i n g   t h o u s a n d s   o f   t h e s e  c e l l s ,  how d o e s   t h e   c a t e g o r i -  
z a t i o n  come a b o u t  a s  b e i n g   d e v e l o p m e n t a l   o r   p r o d u c t i o n ,   s i n c e  
there   a re  h u g e   p u r c h a s e s ,   a p p a r e n t l y ,   o f   t h e s e   c e l l s ?  I can  t e l l  
you t h a t  w e  a r e  i n   t h e   r e s e a r c h   a n d   d e v e l o p m e n t   s t a g e ,   a n d  w e  a r e  
p u r c h a s i n g   t h o u s a n d s   o f  c e l l s .  
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BOWERS: I s ta r ted  i n   t h e   b a t t e r y   b u s i n e s s   i n  1935, and  have 
b e e n   f a m i l i a r   w i t h  most b a t t e r y   m a n u f a c t u r e r s   i n   t h i s   c o u n t r y .  

I d o   n o t   t h i n k   t h a t  a b a t t e r y   e v e r   s t o p s   b e i n g   d e v e l o p m e n t a l .  
C h a n g e s   c o n t i n u a l l y  take place i n   a n y   s y s t e m ,  as m a n u f a c t u r e r s  
c o n s i s t e n t l y   t r y  t o  i m p r o v e   t h e i r   p r o d u c t s .   T h e  r ea l  problem is 
t h a t  when an   improvemen t   becomes   an   impa i rmen t ,   t hen   you   run   i n to  
some d i f f i c u l t y .  However,   you  cannot t a l k  a b o u t   s o m e t h i n g   t h a t  is 
i n   t h e   d e v e l o p m e n t a l  phase i n  a b a t t e r y  because it never   comes   ou t  
o f   t h e   d e v e l o p m e n t a l   p h a s e .  

SCUILLA: I s h o u l d  l i k e  t o  a s k  some q u e s t i o n s   a b o u t   s a f e t y  
t e s t i n g .  Do y o u   b a s i c a l l y   d o   e n o u g h   s a f e t y   t e s t i n g ?  What s tatis-  
t i c a l  c o n f i d e n c e ,   i f   a n y ,   s h o u l d  we h a v e   i n   t h e  t e s t  r e su l t s  from 
a l e g a l   s t a n d p o i n t ?  Can I g e t  a l e g a l   r e s p o n s e   t o   t h a t ?  

MR. RUZICKA:  A s  f a r  as  t h e  p r o d u c t   l i a b i l i t y  law i s  conce rn -  
ed,  as l o n g  as you s e l l  t h e   b a t t e r y ,  it i s  o f   no   consequence  whe- 
t h e r  you c l a s s i f y  it as d e v e l o p m e n t a l   o r   p r o d u c t i o n .   o n c e  it en-  
t e r s  t h e  stream o f  commerce  and is s o l d  as a r e g u l a r   p a r t   o f   t h e  
company ' s   bus iness   you  s u b j e c t  y o u r s e l f   t o   l i a b i l i t y  as  a manu- 
f ac turer  . 

I f   t h e r e  a re  A N S I  o r  ASDM o r   g o v e r n m e n t   t e s t i n g   s t a n d a r d s ,  i t  
is n e c e s s a r y   t o   c o m p l y   w i t h   t h o s e .  If t h e r e  a re  n o t ,   a n d   t h e r e  is 
a n   i n j u r y ,  t h e  a m o u n t   o f   t e s t i n g   y o u   h a v e   d o n e  w i l l  be c o n s i d e r e d  
on a case-by-case  bas i s .  The p l a i n t i f f  w i l l  t h e n   d o u b t l e s s   f i n d  
e x p e r t s   t o  show t h a t   t e s t i n g   o n e   b a t t e r y   o u t   o f  1 0 0 0  i s  statis-  
t i c a l l y   u n r e l i a b l e   a n d   t h a t  it would  have  been much be t t e r  t o  t e s t  
two o u t  of 1 0 0 0 .  

T h e n ,   o f   c o u r s e ,   t h e   q u e s t i o n   o f   t h e   r e l i a b i l i t y  c r i t e r i a  is 
u p  t o   t h e   j u r y ,   a n d   t h a t  i s  b a s i c a l l y   t h e   p r o b l e m   t h a t   p r o d u c t  
l i a b i l i t y  law p r e s e n t s   t o d a y :  , t h a t   i n j u r i e s  are  i n   e f f e c t  rede- 
s i g n i n g   y o u r   p r o d u c t s   a n d   c h a n g i n g   y o u r   q u a l i t y   c o n t r o l   p r o c e d u r e s  
a f t e r  t h e  f a c t .  

T h e r f o r e ,  t h e  answer i s  b a s i c a l l y  t h a t  it depends   on  how much 
t h e   p l a i n t i f f ' s   a t t o r n e y  knows a b o u t   y o u r   p r o d u c t .  I t  e v e n t u a l l y  
becomes, as  a l w a y s   i n   d e s i g n  cases,  a b a t t l e  o f  t h e  p l a i n t i f f ' s  
e x p e r t s   a n d   t h e   d e f e n d a n t ' s  exper t s .  The outcome  depends  on  whose 
s ide  t h e  j u r y   b u y s ,   a n d  t h i s  d i f f e r s   f r o m  case t o  case. 

CALLAN: I a g r e e   w i t h   t h e   a n s w e r .  I s h o u l d  j u s t  l i k e  t o  add 
t h a t   t h e   m a n u f a c t u r e r   c a n  t e s t  t o  h i s  h e a r t ' s  c o n t e n t   a n d  be a 
c o m p l e t e l y   r e a s o n a b l e   a n d   p r u d e n t   m a n u f a c t u r e r ,   a n d   y e t   i n  a 
s t r i c t  l i a b i l i t y  case t h e   p l a i n t i f f   d o e s   n o t   h a v e   t o   p r o v e   a n y  
n e g l i g e n c e   o n  t h e  p a r t  o f   t h e   m a n u f a c t u r e r   w h a t s o e v e r .  He s imply  
has  t o   p r o v e  t h a t  t h e r e  was a d e f e c t   i n   t h e   p r o d u c t ,   t h a t   t h e  de- 
f e c t  was i n   t h e   p r o d u c t  a t  t h e   m a n u f a c t u r e r ' s   p l a n t ,   a n d   t h a t   t h e  
de fec t  was t h e  p r o x i m a t e  cause o f   h i s   i n j u r y ,   a n d   h e   w i n s .  
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LACKNER: S i n c e   t e s t i n g   a n d   q u a l i f i c a t i o n   c a n  be q u i t e   c o s t l y ,  
what is t h e   r e s p o n s i b i l i t y   o f   t h e   f e d e r a l   g o v e r n m e n t   t o   s u b j e c t  
a l l  t h e  items t o  some s a f e t y  t e s t  i n   t h e i r  own l a b o r a t o r i e s ,  and 
g i v e   t h e m  a s o r t   o f  "Good Housekeeping" stamp o f   a p p r o v a l ,   w h i c h  
t h e n  may then   be   u sed  as a r e f e r e n c e  mark i n   t h e   c o u r t s ?  Some 
m a n u f a c t u r e r s  may o t h e r w i s e   s i m p l y   n o t   h a v e   t h e   f a c i l i t i e s   t o   d o  
t h e   t e s t i n g .  Heart Pacemaker b a t t e r i e s  may be   an  example. 

RUZICKA: There  are  many a n s w e r s   t o   t h i s   q u e s t i o n .  Under t h e  
p r o d u c t   l i a b i l i t y  law, , even  i f  t h e r e  a r e  s t a n d a r d s ,   y o u r   c o m p l i -  
a n c e   w i t h   t h e m   d o e s   n o t  i m m u n i z e   y o u   f r o m   p r o d u c t   l i a b i l i t y .  

We had q u i t e  a f e w   p u b l i c   r e l a t i o n s   p r o b l e m s   w i t h   t h e   T a n g  
c o m m e r c i a l s   a f t e r   o n e   o f   t h e   f i r s t   s p a c e   f l i g h t s .  I t  i s  o u r   p o l -  
i c y  a t  NASA n o t   r e a l l y   t o   c e r t i f y   o r   t o   e n d o r s e   c o m m e r c i a l   p r o d -  
u c t s .  

WARBURTON: A s  a p r o d u c t   e n g i n e e r  I h a v e   t o  make some assess- 
ment of t h e   p r o d u c t   t h a t  I w i s h   t o   d e v e l o p   o r   p u t   i n t o  a weapons 
sys tem.  And as  a g o v e r n m e n t   s c i e n t i s t ,  I t h i n k  w e  a r e  f a c e d   w i t h  
t h e   e s t a b l i s h m e n t   o f  a c r i t e r i a  a g a i n s t   w h i c h  w e  m u s t  j udge  whe- 
t h e r   t h i s   p a r t i c u l a r   c h e m i s t r y   o r   t h a t   p a r t i c u l a r   c h e m i s t r y  is 
s a f e r   t h a n   a n o t h e r ,   i f   i n d e e d  w e  can .  

Somehow w e  h a v e   t o   e s t a b l i s h   f o r   t h e s e   v e r y   e n e r g e t i c   s y s t e m s ,  
how, a t  w h a t   r a t e ,   a n d   u n d e r   w h a t   c o n d i t i o n s   t h i s   e n e r g y  i s  re- 
leased.  I f  w e  h a v e   t h a t   i n f o r m a t i o n ,   t h e n   p e r h a p s  w e  can  s e t  u p  
some c r i t e r i a  as  t o   t h e   s a f e t y   a n d  u s e  o f   t h e s e  b a t t e r i e s .  

T h i s  i s  our   p red icamen t .   The   des igns   keep   chang ing  a s  money 
k e e p s   p o u r i n g   i n t o   t h e   c o f f e r s   t o   d e v e l o p  new e l e c t r o c h e m i c a l   s y s -  
tems. 

MILLER: B a t t e r i e s  a r e   m a n u f a c t u r e d   f o r  many d i f f e r e n t  app l i -  
c a t i o n s  , from space a n d   m i l i t a r y   t h r o u g h   i n d u s t r i a l   t o   c o n s u m e r  
a p p l i c a t i o n s .  Does t h e  law r e a l l y  m a k e  a d i s t i n c t i o n   b e t w e e n  
t h e s e   t y p e s   o f   e n d e a v o r s ?  

RUZICKA:  I n  some respec ts  it does.  However, i f   y o u r   b a t t e r y  
is s o l d   t o   t h e  Air  F o r c e   a n d   i n j u r e s  a government  employee,  he 
g e t s  some compensa t ion   f rom  the   gove rnmen t .   However ,   unde r   t he  
s o v e r e i g n   i m m u n i t y   d o c t r i n e ,   h e   c a n n o t  claim a g a i n s t   t h e   g o v e r n -  
ment,   and s o  he  w i l l  c laim a g a i n s t   y o u .  H e  c o u l d   t h e n   r e c o v e r  
u n d e r   t h e  same laws as c o u l d  a consumer who bought  a D-s ize   ba t -  
t e r y   i n  a d r u g s t o r e .  

There  a r e  some p r o v i s i o n s .  Because h e   h a s   n o t   p u r c h a s e d   a n  
item h i m s e l f ,   t h e r e  a re  some d i f f e r e n c e s ,   b u t   t h e y  a r e  v e r y   t e c h -  
n i c a l .  He d o e s   n o t   h a v e  a c o u r s e   o f   a c t i o n   f o r   b r e a c h   o f  war- 
r a n t i e s ,   e x p r e s s   w a r r a n t i e s   e s p e c i a l l y   b e c a u s e   h e   h i m s e l f   h a s   n o t  
s i g n e d   t h e   c o n t r a c t   b e t w e e n   y o u   a n d   t h e   p u r c h a s e r .  

129 



However, as f a r  as t h e   t r a d i t i o n a l   c o n c e p t s  of n e g l i g e n c e   a n d  
s t r i c t  l i a b i l i t y  are  c o n c e r n e d ,   t h e r e  is n o   d i s t i n c t i o n .  

TAYLOR: I s h o u l d  l i k e  t o  take a q u e s t i o n   a b o u t   t h e   d u t y  t o  
warn.   For  example, i f  we as t h e   m a n u f a c t u r e r   o f  a l i t h i u m   b a t t e r y  
a t t a c h  t o  it a l a b e l   s t a t i n g  "DO n o t   r e c h a r g e , "   a n d  a consumer 
r e c h a r g e s  it a n d   b l o w s   h i m s e l f   u p ,   w h e r e   d o e s   t h a t   l e a v e   u s ?  

RUZICKA:  The law o f   w a r n i n g s   i n c r e a s i n g l y   r e q u i r e s   t h e  manu- 
f a c t u r e r   t o   p u t  as much d e t a i l   i n t o   t h e   w a r n i n g s  as p o s s i b l e   n o t  
o n l y   o f  why n o t   t o   r e c h a r g e ,   b u t  a l s o  o f   t h e   c o n s e q u e n c e s   o f   n o t  
h e e d i n g   t h a t   w a r n i n g .  

TAYLOR: Then,  wou ld  "May e x p l o d e   i f   r e c h a r g e d , "   b e   s u f f i c i e n t  
w a r n i n g ?  

RUZICKA:  You c o u l d  s t i l l  b e   h e l d   l i a b l e  i f  t h e   c o n s u m e r  re- 
c h a r g e s  i t ,  a n d   i f  i t  is p r o v e d   t h a t   t h a t  p a r t i c u l a r  w a r n i n g  is 
n o t   s u f f i c i e n t .   H o w e v e r ,  i t  is a j u r y   q u e s t i o n .  

D I  MASI: I f   n o   c o n t r a c t   h a s   b e e n  made o v e r   b a t t e r i e s   c a r r y i n g  
t h e   w a r n i n g ,  "DO n o t   b u r n   o r   i n c i n e r a t e ,  do n o t   r e c h a r g e , "  e t c . ,  
a n d   t h e y   a r e   d u m p e d   i n  a s a n i t a r y  dump,  what i s  t h e   p o s i t i o n   i f  
s o m e   y o u n g   c h i l d r e n   f i n d   t h e m ,  s e t  a f i r e  a n d   t h r o w   t h e m   i n .  Is 
t h e   d e s i g n   e n g i n e e r ,  who h a s   r u n  a l l  t h e s e  tests,  i n   a n y  way h e l d  
r e s p o n s i b l e   f o r   t h i s   k i n d   o f   i n c i d e n t ?  

RUZICKA:  The law r e q u i r e s   t h e   m a n u f a c t u r e r   t o  m a k e  t h e   p r o d -  
u c t   s a f e ,   e i t h e r   b y   d e s i g n ,   m a n u f a c t u r e   o r   b y   t h e   w a r n i n g s  placed 
on it f o r  i t s  i n t e n d e d  use a n d   d i s p o s a l ,   i n c l u d i n g   f o r e s e e a b l e  
m i s u s e .  

I f   t h e   m a n u f a c t u r e r   o b t a i n s   i n f o r m a t i o n   t h a t   c h i l d r e n  a r e  set-  
t i n g   f i r e   t o  dumped b a t t e r i e s ,   t h a t  r i s k  b e c o m e s   f o r e s e e a b l e ,   a n d  
t h e   m a n u f a c t u r e r  i s  u n d e r   d u t y   t o  t a k e  t h a t   i n t o   c o n s i d e r a t i o n   i n  
d e s i g n i n g   a n d   s e l l i n g   t h i s   p r o d u c t .  

A g a i n ,   t h e s e  a r e  a l l  f a c t u a l   q u e s t i o n s   t h a t  a r e  d e c i d e d   b y  
j u r i e s .  A j u r y   i n   o n e  case may s a y   t h a t   t h e   m a n u f a c t u r e r   h a s   d o n e  
as  much a s  h e   c o u l d ;   i n   a n o t h e r  case,  i n   a n o t h e r   j u r i s d i c t i o n ,   t h e  
j u r y  may s a y   s o m e t h i n g  e l se .  T h e   u n p r e d i c t a b i l i t y   o f   t h e  law as  
i t  s t a n d s  i s  o n e   o f   t h e  bas i c  p r o b l e m s .   T h a t  is  why y o u r   i n s u r a n c e  
r a t e s  h a v e   b e e n   i n c r e a s i n g  700  % t h e  l a s t  t h r e e   o r   f o u r   y e a r s .  

D I  MASI: E v e n   w i t h   s u f f i c i e n t   w a r n i n g ,   t h e n   y o u r   o p i n i o n  
a b o u t   t h i s   p a r t i c u l a r   i n c i d e n t  i s  t h a t  it c a n  s t i l l  b e  made i n t o  a 
case? 

R U Z I C K A :  Yes, i n d e e d .  I h a v e   r e c e n t l y  come a c r o s s  a case 
i n v o l v i n g  a t e l e s c o p e   w h e r e   t h e r e  was a b i g   w a r n i n g   o n   t h e   f r o n t  
p a g e   o f   a n   i n s t r u c t i o n   b o o k l e t   s a y i n g   t h a t  a Sun f i l t e r  t h a t  came 
w i t h  it had t o   b e   p r o p e r l y   p l a c e d   i n t o   t h e   t e l e s c o p e   a n d  a t  t h e  
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p r o p e r   s l o t   b e f o r e   v i e w i n g   t h e   S u n .   T h e   w a r n i n g   t h e n   s a i d   t h a t  
n o t   p r o p e r l y   i n s e r t i n g   t h e   f i l t e r  may cause eye  damage. One o f  
t h e   p u r c h a s e r s   p l a c e d   t h e   f i l t e r   i m p r o p e r l y ,   l e a v i n g  a crack;  he  
was b l inded   on   one   eye  when v i e w i n g   t h e   S u n .   T h e   o p i n i o n   o f   t h e  
C o u r t  was t h a t   t o   s a y  "May cause e y e   d a m a g e , "   i f  it is  known t o  
t h e   m a n u f a c t u r e r   t h a t   t h e   r e s u l t  w i l l  b e   b l i n d n e s s ,  i s  p a t e n t l y  
i n s u f f i c i e n t .   T h e r e f o r e ,   i f   y o u  know t h a t  a l i t t l e  s t a t e m e n t   o n  
t h e   b a t t e r y   s a y i n g  "DO n o t   i n c i n e r a t e "  i s  n o t   s u f f i c i e n t   t o  pre- 
v e n t  m i s u s e ,  you may s t i l l  b e   l i a b l e .  

OTZINGER: I h a v e   w r i t t e n   a n d   r e v i e w e d  a number o f  c e l l  and 
b a t t e r y   s p e c i f i c a t i o n s ,   a n d  I h a v e   n o t   s e e n  a s a f e t y   h a z a r d  re- 
q u e s t  o r  a s t a t e m e n t   f r o m  a suppl ie r .  I am w o n d e r i n g   i f   t h a t  i s  
s o m e t h i n g   t h a t   s h o u l d   b e   i n c l u d e d ?  We been remiss i n   t h e  pas t  and 
p e r h a p s  now w e  s h o u l d   g i v e   o u r   s u p p l i e r s   a n   o p p o r t u n i t y   t o  make 
t h a t   k i n d   o f  a s t a t e m e n t ,  or e v e n   r e q u i r e   t h e m   t o   d i s c l o s e   t o  US 
t h e   h a z a r d s   a n d   s a f e t y  issues t h a t   a r e   i n v o l v e d   i n   t h e  c e l l s  and 
b a t t e r i e s   t h a t  w e  purchased  f rom  them. 

R U Z I C K A :  D e f i n i t e l y .  I t h i n k   t h a t  i s  a g o o d   p o i n t .  

OTZINGER:  To my knowledege i t  has  never   been  done.  I have 
neve r   s een  a s a f e t y   h a z a r d ,   o n  a request  f o r   d o c u m e n t a t i o n   f r o m  a 
supp l i e r .  

RUZICKA:  T h e   d u t y   t o  m a k e  a p r o d u c t   s a f e  is n o t   d e l e g a b l e .  
I n   o t h e r   w o r d s ,   y o u  a s  a manufac turer   cannot   re ly   on   somebody e l se  
t h a t   y o u r   p r o d u c t  w i l l  b e   u s e d   p r o p e r l y .   I f   y o u  s e l l  t o  a company 
t h a t   d o e s   n o t   r e a l l y   c a r e   a b o u t   t h e  way i ts  worke r s  u s e  t h e   p r o d -  
u c t ,  you may s t i l l  b e   f a c e d   w i t h   l i a b i l i t y   e v e n   t h o u g h   t h a t  com- 
pany or  i t s  worke r s  may b e   f o u n d   i n   v i o l a t i o n   o f   o c c u p a t i o n a l  
s a f e t y   a n d   h e a l t h  laws, f o r   w h a t e v e r   r e a s o n .   I n   m o s t  s t a t e s ,  t h e  
employer is immunized  by the   Worke r ' s   Compensa t ion  L a w  from common 
law s u i t s  by i t s  i n j u r e d   w o r k e r s   o n c e   c o m p e n s a t i o n   b e n e f i t s   h a v e  
b e e n   p a i d .  Because m o s t   o f   t h e   b e n e f i t s  a r e  n o t   s u f f i c i e n t ,   t h e  
w o r k e r s   a r e   i n c r e a s i n g l y   c l a i m i n g   a g a i n s t   y o u  as  m a n u f a c t u r e r s ,  
a n d   r e c o v e r i n g .  

HALPERT: I f  I were a m a n u f a c t u r e r ,  or even   an   engineer   work-  
i n g   w i t h   l i t h i u m   b a t t e r i e s ,  I s h o u l d   b e   c o n c e r n e d   t h a t ,   o n c e   t h e  
b a t t e r i e s  were o n   t h e  market, I c o u l d  s t i l l  b e   h e l d   r e s p o n s i b l e  
f o r  a n y t h i n g   t h a t   h a p p e n e d .  What k i n d   o f   i n c e n t i v e   c a n  we g i v e  
t h e s e   m a n u f a c t u r e r s   t o   g e t   t h e m   t o  m a k e  t h e i r   p r o d u c t s   a n d  p u t  
them  on   the  market f o r   c o n s u m e r s   t o  u s e ?  

CALLAN: T h e   o n l y   t h i n g   t h a t   m a n u f a c t u r e r s   c a n   d o  is t o   l o b b y  
Congres s ,   because  DOD h a s  a s t a t u t o r y   a u t h o r i t y   t o   i n d e m n i f y   c o n -  
t r a c t o r s   f o r  items t h a t  a r e  c o n s i d e r e d   e x t r a   h a z a r d o u s .  We a t  
NASA h a v e   n o   i n d e m n i f i c a t i o n   a u t h o r i t y ,   w h i c h   m e a n s   t h a t   i f  we 
r e c e i v e  a d e f e c t i v e   p r o d u c t   t h a t   i n j u r e s   s o m e b o d y ,   t h e n  we r e l i e v e  
t h e   m a n u f a c t u r e r   o f   h i s   l i a b i l i t y   i n   t h a t   d e f e c t   a n d  w e  pay.  
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H e n c e ,   t h e   o n l y   i n c e n t i v e   f o r  a m a n u f a c t u r e r  is t o  become i n v o l v e d  
i n   e x t r a   h a z a r d o u s   m a n u f a c t u r i n g ,   i f   t h e s e   b a t t e r i e s  are  as bad as 
you seem t o   i n d i c a t e .  

By t h e   w a y ,   t h e r e  is l e g i s l a t i o n   i n   s p e c i f i c  areas t o   c o v e r  
e x t r a   h a z a r d o u s   a c t i v i t i e s .  One i s  t h e   P r i c e   A n d e r s o n  A c t  i n   t h e  
n u c l e a r   f i e l d .   H o w e v e r ,   t h a t   e s s e n t i a l l y  r e l i e s  o n   p r i v a t e   i n s u r -  
a n c e   a n d   g r o u p   p o l i c i e s .   T h e r e  is t h e   T e t o n  D a m  A c t ,  which a l -  
l o w e d   v i c t i m s   o f   t h e  dam b r e a k i n g   t o  m a k e  claims a g a i n s t   t h e   g o v -  
e rnment .   There  a r e  o t h e r   l i a b i l i t i e s   t h a t  a r e  a l lowed  by s p e c i f i c  
l e g i s l a t i o n .  

MURPHY: I wonder i f  y o u   c o u l d   c l a r i f y  a l o g i s t i c   p r o b l e m  re- 
g a r d i n g   l i t h i u m   b a t t e r i e s .   T h e r e  is a limit o n   s h i p m e n t   o f   l i t h -  
i u m  c e l l s ;  I d o   n o t  r e c a l l  t h e   w e i g h t  per c e l l .  However, i f   t h e s e  
c e l l s  were i n  s e r i e s ,  wou ld   t he re   be  a w e i g h t  limit? 

SCUILLA: The   Depa r tmen t   o f   T ranspor t a t ion   exempt ion   7052   does  
limit t h e   a m o u n t   o f   l i t h i u m   i n   o n e   s o r t   o f   s h i p p i n g   c o n t a i n e r .  
T h u s ,   i f   y o u r   b a t t e r y  i s  made u p  o f  c e l l s  w i t h  a l a r g e   c a p a c i t y ,  
which  would requi re  more l i t h i u m ,   t h e r e  a r e  i n s t a n c e s   w h e r e   t h e  
limit would   apply .   However ,   any   ind iv idua l  may a p p l y   f o r   a n  ex -  
e m p t i o n   t o   s h i p   l a r g e r  c e l l s ,  and a number o f   o t h e r   l i t h i u m   b a t -  
t e r y   c o m p a n i e s   h a v e   a p p l i e d   f o r   s p e c i f i c   e x e m p t i o n s   f o r   s h i p p i n g  
l i t h i u m  c e l l s  w i t h   1 0 , 0 0 0   o r   1 2 , 0 0 0  A h .   There   have   been  some 
o t h e r   m o d e s   o f   t r a n s p o r a t i o n   r e s t r i c t i o n s   o n   t h o s e   i n d i v i d u a l s .  

I t  wou ld   be   necessa ry   t o   check   w i th   t he   Depa r tmen t   o f  
T r a n s p o r t a t i o n ' s   H a z a r d o u s  Mater ia ls  O p e r a t i o n   S e c t i o n ,   b e c a u s e  
t h e   t r a n s p o r t a t i o n   r e g u l a t i o n s  a r e  b a s i c a l l y   i n  a s t a t e  o f   f l u x ,  
and it could   change   tomorrow.  

NICHOLSON: Mr. O t z i n g e r  made r e f e r e n c e   t o   t h e   f a c t   t h a t   h e  
h a d   n o t   s e e n   a n y   r e q u i r e m e n t s   f o r   b a t t e r y   v e n d o r s   t o   f i l e   h a z a r d  
r e p o r t s   a n d  SO f o r t h .  However,  some areas  o f   t he   gove rnmen t   do  
r equ i r e  t h i s ;  we h a v e   r e c e n t l y   b e e n   i n v o l v e d   i n  a Navy program 
w h e r e   h a z a r d   r e p o r t s   h a v e   h a d   t o   b e   f i l e d .  A s  r e g a r d s   t h e   s a f e t y  
of b a t t e r i e s ,  we were d o i n g  some  work r e c e n t l y   o n   v e r y   l a r g e   p o c k -  
e t  p l a t e  Ni/Cd b a t t e r i e s .  A s  you know, a l k a l i n e   b a t t e r i e s   g e n e r -  
a te  hydrogen;  it is p o s s i b l e   t o   f i n d   f o r m u l a e ,   i n   t h e  l i t e r a t u r e ,  
t o   i n d i c a t e   t h e   a m o u n t   o f   h y d r o g e n   g e n e r a t e d   p e r   g r a m  of  a c t i v e  
material  . 

I n   t h i s  p a r t i c u l a r  i n s t a n c e ,   a n   i n v e s t i g a t o r  was d o i n g  some 
c h a r g i n g   a n d   d i s c h a r g i n g  a t  low temperatures i n   a n   e n v i r o n m e n t a l  
chamber ,   wh ich   had   ve ry   s tu rdy   door s .   Th i s   t ype   o f   expe r imen t  
g e n e r a t e s  a l o t   o f   g a s ,   e s p e c i a l l y   i n   o v e r c h a r g e .  He had  been 
runn ing  a n i t r o g e n   p u r g e ,  b u t  r a n   o u t   o f   n i t r o g e n .  He f e l t   t h a t  
b e c a u s e   t h e   b a t t e r y   h a d   b e e n   s i t t i n g   f o r  a wh i l e ,   no   hydrogen  was 
b e i n g   g e n e r a t e d .   U n f o r t u n a t e l y ,  a l o t   o f   h y d r o g e n  was be ing   gen-  
e r a t e d ,   a n d  when h e   w e n t   t o  resume h i s  tests a n d   d i d   n o t   r u n   h i s  
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hydrogen   purge ,   he   th rew some o p e n - t y p e   s w i t c h e s   i n s i d e   t h e  cham- 
b e r .   F o r t u n a t e l y ,   h e  was s t a n d i n g   i n   t h e   r i g h t  place.  Othe rwise ,  
he   wouldn ' t   be  a l i v e  t o d a y .  H i s  argument  was t h a t   h e   h a d   r e a d  it 
i n  a book  and t h e r e  was n o t h i n g   i n   t h e   b o o k   t h a t   s a y s   t h a t   c a n  
happen. My argument  was t h a t   n o t   e v e r y t h i n g  i s  i n   t h e  book. I t  
i s  s t i l l  n e c e s s a r y   t o   b e   v e r y   c a r e f u l   w i t h   t h e   b a t t e r i e s .  

SCUILLA: How l a r g e  was t h e   c a p a c i t y ?  

NICHOLSON: I t  was a b o u t  200 or 225 A h. 

SCUILLA: I s h o u l d  l i k e  t o  a s k  Mr. D i  Masi and some o f   t h e  
Li/SO2 m a n u f a c t u r e r s ,   w h e t h e r   t h e i r   a p p r o a c h   t o   s a f e t y   i n   t h a t  
s y s t e m  is s i m p l y   i n   t h e   l o w e r   c o u l o m b i c   r a t i o s .  

When w e  make l a r g e r  c e l l s ,  t h e   d o u b l e  D s  and t r i p l e  Ds ,  c o u l d  
w e  i n f e r  a s h i f t   i n   t h a t  maybe r a t h e r   t h a n  j u s t  t r y i n g   t o   i m p l y  
w i t h  some o f   t h e   p r e s e n t a t i o n s   t h a t   t h e   o n e - t o - o n e   r a t i o  i s  t h e  
s a f e s t .   S h o u l d  a l l  Li/SOz c e l l s  be   des igned  t o  t h a t   s p e c i f i c  
r a t i o ?  

D I  MASI: My e x p e r i e n c e  is o f   t e s t i n g  a number o f  c e l l s ,  n o t  
manufac tur ing   them.  A s  t h e  wat t  h o u r s   o f  a p a r t i c u l a r  c e l l  a re  
i n c r e a s e d ,   t h e   e f f e c t s   o f   h e a t   d i s s i p a t i o n  become a problem. 

One is t h e r e f o r e   n o t   j u s t i f i e d   i n   c o m p a r i n g  a c e l l  of 5-10 A h 
wi th   one   o f  3 0 ,   4 0 ,  50,  o r  1 0 0 0  A h ,   because   the   t remendous   amount  
o f   hea t   gene ra t ed   wou ld  cause t h e   l a r g e r  c e l l s  t o  g o   i n t o   v i o l e n t  
e x p l o s i o n  or v e n t i n g .  I t  would  be l i k e  composing a small motor 
w i t h  a car e n g i n e .  I t  i s  t h e r e f o r e   n o t   o n l y  a matter o f   d e s i g n  
a n d   e l e c t r o c h e m i s t r y   o f  a sys t em.   The re  seems t o  be a j u m p  a t  
a b o u t  1 0  A h ,   where   the   hea t   management   becomes  c r i t i c a l .  

PALANDATI: I b e l i e v e  t h a t  t h i s  i s  b a s i c a l l y   w h a t  w e  have  
s e e n   f o r   y e a r s   i n   t h e   s i l v e r   z i n c   a r e a .   I f   y o u  t a k e  a 300 A h 
c e l l ,  y o u   h a v e   t h i s   p r o b l e m .  You c a n n o t   e v e n   s t o p   t h e   f i r i n g   o n c e  
it s t a r t s .   S e v e r a l  c e l l s  i n  a b a t t e r y   p r o d u c e   a n   a v a l a n c h e  e€-  
f e c t .   A g a i n ,  I t h i n k   o n e   h a s   t o   l o o k  a t  t h e   s i z e   o f   t h e  c e l l s .  

Ce l l s  of  0-1 or 0-2 kW h a r e  one  aspect.  Cel l s  of 4 ,  5,  50 or 
100 kW h,   which a r e  some o f   t h e   b a t t e r y   d e s i g n s   o f   t h e   f u t u r e ,  
bear   no   compar ison .  

I s h o u l d   a l s o  l i k e  t o   m e n t i o n   t h a t   n i c k e l  cadmium  and s i l v e r  
cadmium t h a t  were l o w   e n e r g y   d e n s i t y   b a t t e r i e s   c o m p a r e d   w i t h  s i l-  
v e r   z i n c ,   w h i c h  was t h e   h i g h   e n e r g y   d e n s i t y   b a t t e r y  a t  t h a t  time. 
T h e   e n e r g y   d e n s i t i e s  now a s s o c i a t e d   w i t h   l i t h i u m   b a t t e r i e s  a r e  
o b v i o u s l y   t h a t  much g r e a t e r   a g a i n .   T h e   p o t e n t i a l   h a z a r d  is t h u s  
e v e n   g r e a t e r   t o d a y   t h a n   1 5  or 20 y e a r s   a g o .  
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TAYLOR: I r e a l l y  see n o   d i f f e r e n c e   b e t w e e n   l i t h i u m   s y s t e m s  
a n d   c o n v e n t i o n a l   s y s t e m s .   O b v i o u s l y ,   t h e   m o r e   e n e r g y   y o u  pack 
i n t o  a s y s t e m ,   t h e   g r e a t e r   y o u r   p r o b l e m .  

From t o d a y ' s   m e e t i n g ,  I f e e l   t h a t  many o f   t h e   p r o b l e m s  are  
s i m p l y   t h a t   p e o p l e   d o n ' t   u n d e r s t a n d   w h a t   c a n   g o   w r o n g .   I n s t e a d ,  
you  can t a l k  t o  u s ,  t h e   m a n u f a c t u r e r s ,   a b o u t   y o u r   a p p l i c a t i o n s   a n d  
we can  recommend b a t t e r i e s   t o  meet t h e s e   a p p l i c a t i o n s ,   a n d  how you 
c o u l d   s a f e l y  u s e  them  and how you  could   abuse   them.  

I t h i n k ,   f o r   e x a m p l e ,   t h a t   w h a t  Mr. Bene i s  d o i n g   t o d a y  is 
f i n d i n g   c o n d i t i o n s  t o  blow c e l l s  u p .  Tha t  is u s e f u l  u p  t o  a 
p o i n t ,   b u t  I t h i n k  it c a n   i n d i c a t e  a lack o f   u n d e r s t a n d i n g .  

I t  is unders tood   nowadays   tha t   you   can  u s e  l i t h i u m   s u l f u r   d i -  
o x i d e  b a t t e r i e s  a n d   l i t h i u m   t h i o n y l   c h l o r i d e   b a t t e r i e s   u n d e r   w i d e  
e x t r e m e s   o f  a b u s e  up t o  a c e r t a i n   p o i n t .   I f   y o u  t a l k  t o  u s  we 
can  t e l l  y o u   t h o s e   c o n d i t i o n s ,  a s  well a s  what may happen i f   t h e y  
a re  exceeded .  We know t h a t   t h e   b a t t e r i e s  a re  s a f e  u p  t o  a c e r t a i n  
p o i n t ,   w h i c h  is f a r  beyond t h a t   a v a i l a b l e   f r o m  p a s t  c o n v e n t i o n a l  
sys t ems .  

I s h o u l d  l i k e  t o  d i s p e l   t h i s   q u e s t i o n   o f   t h e  unknown. Many 
b a t t e r i e s  a r e  s a f e   n o w a d a y s ,   u n d e r   c o n d i t i o n s   t h a t   c o u l d   h a v e  
caused   p rob lems   on ly  a f e w   y e a r s   a g o .  

BENE: We d o   n o t   d e l i b e r a t e l y   t r y   t o   f i n d   w a y s   t o   b l o w  u p  s u l -  
f u r   d i o x i d e  ce l l s .  However, I cou ld   men t ion  many a s s u r a n c e s  I was 
g i v e n ,  when w e  b e c a m e   i n v o l v e d   i n   t h i s   p r o g r a m ,   t h a t   t h e s e  c e l l s  
would  not   blow u p ,  and   wou ld   no t   ven t .   Very   na ive ly ,  we had  some 
s e r i o u s   p r o b l e m s ,   a n d   f o r t u n a t e l y   n o   o n e  was i n j u r e d .  

The g i s t   o f   o u r  work h a s   b e e n   t o   f i n d   t h e   c o n d i t i o n s   u n d e r  
w h i c h   t h e s e   b a t t e r i e s   g i v e   p r o b l e m s ,   a n d   t o   d e c i d e   w h e t h e r  w e  
s h o u l d   r e a s o n a b l y  expect  t h a t   t y p e   o f   b e h a v i o r   u n d e r   c o n d i t i o n s   o f  
p e r f o r m a n c e   a n d   d i s p o s a l .  From t h a t  b a s i s ,  we h a v e   p u r s u e d   d i f -  
f e r e n t   d e s i g n   c h a n g e s   i n   t h e  c e l l .  

As I p o i n t e d   o u t   i n  my t a l k ,   o n e   t h i n g  I h a v e   h e a r d   f o r  many 
y e a r s  is t h a t  it is  n e c e s s a r y   t o   r e v e r s e  a s u l f u r   d i o x i d e  c e l l  
b e f o r e  it w i l l  ven t .   The   ev idence  I h a v e   p r e s e n t e d   t o d a y   s h o w s  
t h a t   t h i s  i s  n o t  s o .  T h e   p r o g r e s s  we have  made now s h o w s   t h a t  a 
Li/SO2 c e l l ,  p a r t i c u l a r l y   i n  a D s i z e ,   s h o u l d   b e   d e s i g n e d   t o  
consume a l l  t h e   l i t h i u m   a n d   l e a v e   s u l f u r   d i o x i d e   i n  excess ( a  
l i t h i u m - l i m i t e d  c e l l ) .  I t h i n k  it is  t h a t   s i m p l e .  

SCUILLA: I s h o u l d  l i k e  t o  expand   on   t he  user misuse problem 
b y   c o m m e n t i n g   o n   t h e   s p e c i f i c a t i o n   s h e e t s .  I h a v e   f o u n d ,   i n  re- 
v iewing  e a r l i e r  d a t a   s h e e t s   o n   l i t h i u m   s y s t e m s ,   t h a t   f o r  some o f  
t h e  abuse t e s t  c o n d i t i o n s ,   c u r r e n t s   a n d   d i s c h a r g e  ra tes  w e r e   n o t  
men t ioned   by   t he   manufac tu re r  as  p r e s e n t i n g  some h e a t   b a l a n c i n g  
r e j e c t i o n   p r o b l e m   t h a t   a l l o w e d   t h e  c e l l  t o   v e n t .  
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How  can  we, the government and the manufacturers come together 
with  some  sort of safety  statements, and a realization of  some of 
the  limitations of these  systems,  as far as the  specification 
sheets go? 

HENNIGAN:  Over the  years we  have had some  problems  with a 
number of batteries. However,  we never depended on the manufac- 
turer's specifications  as far as how  to use the  batteries; we de- 
termined our own,  wrote  them up and gave them to people. 

BIERMAN: At Honeywell  we  have  always supplied at  least a haz- 
ardous  analysis  handling, and 9 special  safety  sheet,  with any 
cells. I think some other manufacturers  have  done, or are  doing 
that. 

We  have  taken a strong  position on the  safety  issue and have 
primarily focused on the aspect  of education. Education  is the 
key to safety. I like to draw  the analogy that you  do  not  give a 
lead-acid car battery to a nine-year old child to play with. You 
also  do not give a sulfur dioxide  cell to a nine-year old child to 
play with, because he will find ways in which to  cause  that cell 
to vent. 

I think there  is a key here  that  people  have  to  realize and 
understand. They  have been used to  dealing  with  batteries  as 
things they can buy in a drugstore and put into a flashlight. 
This is not true with  lithium cells. 

I think it is  important  to understand that  most  people, and 
most big companies,  only think of batteries when they  have com- 
pleted all the electronics. 

We stood up here last year and discussed batteries and how 
safety features could be designed into them. However, it is nec- 
essary to get the manufacturers involved early. They  are  experts 
in the field, and are  not called on enough for their expertise. 

I have suggested in  the  past,  during the Tri-Service Safety 
Committee,  that a movie be made to  show the do's and don'ts, be- 
cause I think that  once  the  users  learn how to  handle  the Li/SO2 
cell, they will find it very safe. 

Lithium sulfur dioxide  batteries  may  not be right for all ap- 
plications. If you  are going  to  put your product  out in a drug- 
store,  we  should  probably  say,  that  these  batteries  are  not  suit- 
able. However, if your application is, for example, a space or 
military application  where you  can help educate  the  users, we 
should be happy to  provide batteries. 

ESTES: I should  just  like to mention  that  in our investiga- 
tions we did come  across  one  accident  involving a lithium sulfur 
dioxide battery. It  was in a smoke detector. I forget  the number 
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of  ba t te r ies  i n   t h e r e ,   b u t  I t h i n k   t h e r e  were more  than  one.  I 
b e l i e v e   t h a t   o n e   o f   t h e m   e x p l o d e d .   T h e r e  was no   i n ju ry .   However ,  
f rom  what  I h a v e   h e a r d   h e r e   t o d a y  it seems t o  m e  t h a t   t h e r e  is a 
l o t  of r e s e a r c h   b e i n g   d o n e   i n   t h i s  area. I am a n t i c i -   p a t i n g   t h e  
time when t h e s e  ba t t e r i e s  become  more a v a i l a b l e   t o   t h e   c o n s u m e r .  

Are you  ready  t o  s t a r t  p u t t i n g   t h e s e   i n   t h e   h a n d s   o f  consum- 
e r s ,  e i t h e r   i n  limited number o r   i n   l a r g e   n u m b e r s ,   a n d   w h a t  a re  w e  
w a i t i n g   f o r ?  Is it a s a f e t y   f a c t o r ,  i s  it c o s t ?  Can we e x p e c t   t o  
see l i t h i u m  b a t t e r i e s  i n   c o n s u m e r   p r o d u c t s   a n y  time i n   t h e   n e a r  
f u t u r e ?  

MC DONALD: The re  a re  a l r e a d y  a number o f   l i t h i u m   b a t t e r i e s  
o u t   o n   t h e  market. L i th ium  manganese   d iox ide  b a t t e r i e s ,  f o r   i n -  
s t a n c e ,   c u r r e n t l y  power a number of c a l c u l a t o r s   a n d   w a t c h e s .  A s  
f a r  as t h e   s u l f u r   d i o x i d e   a n d   t h e   t h i o n y l   c h l o r i d e  b a t t e r i e s  are  
conce rned ,  w e  a t  Duracel l  have   no  immediate p l a n s   t o  p u t  o u t  b a t -  
t e r i e s  for   consumer  u s e .  

ESTES: I suppose  you are  t a l k i n g   a b o u t   l o w - e n e r g y   s o u r c e s .  
Would you s e l l  a b a t t e r y ,   a s s u m i n g   t h a t   y o u  make  a D s i z e ,   i f  you 
knew t h a t  somebody was g o i n g   t o   u s e  it i n  a t o y ,   f o r   e x a m p l e ?  
Would y o u   f e e l   y o u  had a n y   r e s p o n s i b i l i t y ,   o r   w o u l d   y o u  be h e s i -  
t a n t   t o  s e l l  i t  u n d e r   t h o s e   c o n d i t i o n s ?  

MC DONALD: A t  p r e s e n t  w e  would   no t  s e l l  a D - s i z e   s u l f u r   d i o x -  
ide  b a t t e r y   t o  a t o y   m a n u f a c t u r e r .  

OTZINGER: Is it your  company t h a t   h a s  j u s t  b e e n   l i c e n s e d  by 
Sanyo? 

MC DONALD: Yes. However, t h a t  i s  i n   t h e   l i t h i u m   m a n g a n e s e  
d i o x i d e   s y s t e m .  We would   no t  s e l l  l i t h i u m   s u l f u r   d i o x i d e  b a t t e r -  
i e s .  

OTZINGER: Will you be s e l l i n g   t h e   m a n g a n e s e   t y p e ?  

MC DONALD: Yes. 

OTZINGER: Do you see a n y   s a f e t y   h a z a r d  a t  a l l  i n   c o n n e c t i o n  
w i t h   t h a t ?  

MC DONALD: We h a v e   n o t   b e e n  ab le  t o   d e t e r m i n e   a n y   s a f e t y  
p r o b l e m s   w i t h   t h a t   s y s t e m  a t  a l l .  

HALPERT: The Army Research O f f i c e   i n   C h a r l o t t e s v i l l e   p u t   o u t  
a c o m p l e t e   d e f e n s e ,   a n d   c o m p l i a n c e   w i t h   t h a t   s t a n d a r d   i n  a s u i t  
b r o u g h t   i n   n e g l i g e n c e .   I n  a s t r i c t   l i a b i l i t y ,   c o m p l i a n c e   w i t h  
i n d u s t r i a l   c u s t o m   d o e s   n o t   p r o v i d e   y o u   w i t h   d e f e n s e ,   b e c a u s e   t h e  
o b j e c t  of t h e   i n q u i r y  is  t h e   b a t t e r y   i t s e l f ,   n o t   y o u r   b e h a v i o r .  
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H o w e v e r ,   y o u   c a n   i n t r o d u c e   t h e   d e f e n s e   t h a t   t h e   p r o d u c t   y o u  
have   des igned  or y o u   h a v e   s o l d  is u p  t o   t h e  s t a t e  o f   t h e  a r t ,  and 
c o u l d   n o t   p o s s i b l y   h a v e   b e e n  made s a f e r ,  or t h a t   t h e   c o s t   o f  mak- 
i n g   t h e   p r o d u c t   s a f e r   w o u l d   h a v e   b e e n   p r o h i b i t i v e .   T h e n ,   o f  
c o u r s e ,  it becomes a f a c t u a l   q u e s t i o n .  

As f a r  as c o m p l i a n c e   w i t h   i n d u s t r i a l   c u s t o m s ,   i n  a n e g l i g e n c e  
case it is a comple te   defense .   However ,   non-compl iance   wi th   in -  
d u s t r i a l   c u s t o m ,  or w i t h   t h e  s t a t e  o f   t h e  a r t ,  or w i t h   v o l u n t a r y  
or m a n d a t o r y   s t a n d a r d s ,  w i l l  c o n v i c t   y o u   o n   b o t h   t h e o r i e s .  

There  was a r e c e n t  case, a g a i n   n o t   i n v o l v i n g  a b a t t e r y .  I t  
was a case i n v o l v i n g   c h i l d r e n ' s  sleepwear, where a m a n u f a c t u r e r  
c o m p l i e d   w i t h   t h e  Consumer P r o d u c t   S a f e t y   C o m m i s s i o n   s t a n d a r d  a l -  
though  he knew t h a t   t h a t   p a r t i c u l a r   s t a n d a r d  was so  w e a k  t h a t  it 
would  have  passed a s  i n f l a m m a b l e   a b o u t   1 9   d i f f e r e n t   t y p e s   o f  
p a p e r ,   i n c l u d i n g   n e w s p r i n t .  Of c o u r s e ,   t h e   d e f e n s e   t h a t   t h e  manu- 
f ac tu re r  c o m p l i e d   w i t h   t h e   s t a n d a r d  was n o t  accepted. I n   f a c t ,  it 
d i d  n o t   p r e v e n t   t h e   j u r y   f r o m   i m p o s i n g   p u n i t i v e   d a m a g e s   a g a i n s t  
t h e   m a n u f a c t u r e r .  

BIERMAN: Does n o t   t h e   f a c t   t h a t   a n   a g e n c y   s u c h  as  SURCOM, F t .  
Monmouth is b u y i n g   s u l f u r   d i o x i d e   b a t t e r i e s   i n   t h e   h u n d r e d s   o f  
t h o u s a n d s   i m p l y   t h a t   t h e   g o v e r n m e n t  a t  l e a s t  f ee l s  t h a t   t h e s e  
ce l l s  a r e  s a f e   e n o u g h   t o  be used?  

CALLAN: You c o u l d  u s e  t h a t   i n   y o u r   d e f e n s e .   H o w e v e r ,  i t  i s  
up t o   y o u r   l a w y e r   a n d  how you  want t o  m a k e  your  case. The f a c t   o f  
our   buying  a l o t   o f  b a t t e r i e s  d o e s   n o t  m a k e  t h e m   s a f e .  

I f   y o u  a r e  i n  a l i t g a t i o n ,  you m u s t  p roduce  examples o f  how 
y o u   s o l d   t h e  item i n   t h e  p a s t ,  t h a t  i t  h a s   b e e n  acceptable ,  and 
t h a t  you know o f   n o   o t h e r   i n j u r i e s  or d a m a g e s .   I n   f a c t ,  I re- 
c e i v e d  a l e t t e r  from a company t h a t   m a n u f a c t u r e s   c o n t a i n e r s   o f  
l i q u i d   n i t r o g e n .  I t  was a f o r m   l e t t e r   t h a t  a law f i r m  was s e n d i n g  
o u t   t o  users  a l l  o v e r   t h e   c o u n t r y ;   i n  i t  t h e y   a s k e d   w h e t h e r  we had 
a n y   i n c i d e n c e s   o f   d a m a g e ,   e x p l o s i o n s ,  e t c .  Our answer was t h a t  w e  
had  not .   However ,   these a r e  j u s t  t h e   f a c t s   y o u   t r y   t o   m a r s h a l 1   i n  
s u p p o r t   o f   y o u r   p o s i t i o n   i n   l i t i g a t i o n .  

LACKNER: What is t h e   s e c o n d a r y   l i a b i l i t y   o f   t h e   m a n u f a c -  
t u r e r ?  O c c a s i o n a l l y  w e  see  s i g n s   s a y i n g   t h a t   i n  case o f   d e f e c t ,  
t h e   m a i n   p r o d u c t   ( t h e   b a t t e r y )  w i l l  b e   r e p l a c e d ,   b u t   t h a t   t h e  man- 
u f a c t u r e r  is n o t   r e s p o n s i b l e   f o r   t h e   t r a n s i s t o r   r a d i o ,   f o r   t h e  
s a t e l l i t e ,  f o r   s e c o n d a r y   p r o b l e m s   t h a t   m i g h t   h a v e   o c c u r r e d   o w i n g  
t o  a d e f e c t .  Now, o b v i o u s l y   i n  cases o f   s a f e t y   t o   t h e  human 
b e i n g ,   t h e r e  is some mora l  or l e g a l   j u s t i f i c a t i o n   f o r   l o s s .  Is 
t h e r e   a n y   l e g a l i t y   i n   t h e   s t a t e m e n t  "We s h a l l   n o t  be r e s p o n s i b l e  
f o r   s e c o n d a r y   p r o b l e m s " ?  
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RUZICKA:  Yes a n d   n o .   I n   c o n s u m e r   t r a n s a c t i o n s ,   w a r r a n t i e s  
have   become   documen t s   t ha t   do   no t   p romise  remedies, b u t  limit 
them.  That  i s  why n e a r l y  a l l  t h e  s t a t e s  have   adop ted  a Uniform 
Commercial Code, w h i c h   g i v e s  implied w a r r a n t i e s   i n   a d d i t i o n   t o   t h e  
w a r r a n t y   y o u   g e t   o n  a p r o d u c t .  

I t  is s t i l l  p o s s i b l e   f o r  a p r o d u c t   m a n u f a c t u r e r   t o  limit h i s  
r e s p o n s i b i l i t y   f o r   t h e   a m o u n t   o f   c o m p e n s a t i o n   t h a t   h e  w i l l  pay. 
However, t h e   c o u r t s  draw a d i f f e r e n c e   b e t w e e n  a c o n s u m e r   t r a n s a c -  
t i o n   a n d  a c o m m e r c i a l   o n e .   I n   c o n s u m e r   t r a n s a c t i o n s ,   t h e   c o u r t s  
will se t  a l i m i t a t i o n   o n  t h e  a m o u n t   o f   d a m a g e s   f o r   p e r s o n a l   i n j u r -  
i e s ,  or a disclaimer o f   l i a b i l i t y   f o r   p e r s o n a l   i n j u r i e s  is per se 
unconsc ionab le .   Tha t   means  i t  i s  g i v e n   n o   e f f e c t .  

A s  f a r  as t h e  l i m i t a t i o n   o n   p r o p e r t y   d a m a g e ,   s u c h  as  on  an 
a u t o m o b i l e  t i r e  t h a t  comes  with a w a r r a n t y   t o   s a y   t h a t   i n  case of  
f a i l u r e   t h e   m a n u f a c t u r e r  w i l l  replace t h e  t i r e ,  even   t hough   t he  
car may h a v e   p l o w e d   t h r o u g h   t e n   R o l l s   R o y c e s ,   t h e   c o u r t s   u s u a l l y  
look  a t  t h e  way t h e   w a r n i n g   o r   l i m i t a t i o n   h a s   b e e n   w r i t t e n ,   i n  
o r d e r   t o   g i v e  i t  e f f e c t .  

B a s i c a l l y ,   t h e n ,   y o u   c a n  limit i n   c o n s u m e r   t r a n s a c t i o n s ,   c o n -  
s e q u e n t i a l   d a m a g e s   f o r   p r o p e r t y   d a m a g e .   H o w e v e r ,   y o u   h a v e   t o  be 
v e r y   c a r e f u l   t o  make i t  as  c o n s p i c u o u s  a s  p o s s i b l e ,   t o  p u t  i t  on 
t h e  f r o n t   p a g e   o f   a n   i n s t r u c t i o n   b o o k l e t ,   o r   i n   d i f f e r e n t   t y p e .  

I n   c o m m e r c i a l   t r a n s a c t i o n s ,   h o w e v e r ,   t h e   c o u r t s   f e e l   t h a t   t h e y  
s h o u l d   n o t   i n t e r f e r e   w i t h   a g r e e m e n t s   b e t w e e n   c o m p a n i e s .  

The c o u r t s   a l s o  assume t h a t   t h e  two p a r t i e s  t o   t h e   c o n t r a c t  
acted a t  an  arm’s l e n g t h  bas i s ,  and are  b o t h   c o n s i d e r e d   b o t h  ex-  
p e r t s  i n  w h a t  t h e y  are  do ing ,   and  s o  t h e   c o u r t s   d o   n o t   i n t e r f e r e  
i n  t h e i r  c o n t r a c t u a l   f r e e d o m .  

T h e r e f o r e ,   i f   y o u ,  as  a company,   s ign  a c o n t r a c t   t o   b u y  some- 
t h i n g   a n d  t h e  supp l i e r  d i sc la ims  a l l  l i a b i l i t y   a n d   y o u  accept 
t h i s ,  you a r e  l e f t   w i t h  it. 

HELLFRITZSCH: Where d o e s   t h e   g o v e r n m e n t  f i t  i n ?  If t h e  manu- 
f a c t u r e r  sells t o   t h e   g o v e r n m e n t ,   d o e s  t h e  c o m m e r c i a l   t r a n s a c t i o n  
ana logy  or  c o n s u m e r   t r a n s a c t i o n   a n a l o g y   h o l d ?  

R U Z I C K A :  We a r e  t a l k i n g   a b o u t  a s u i t  f i l e d  b y   a n   i n d i v i d u a l  
a g a i n s t  a company ,   r a the r   t han   one  company a g a i n s t   t h e   o t h e r .  

HELLFRITZSCH:  The d i s t i n c t i o n  I h a v e   b e e n   l o o k i n g   f o r   h e r e  
is: wha t   war ran ty   does  NASA o r   t h e  DOD have  when t h e y   c o n t r a c t  
w i t h  t h e  m a n u f a c t u r e r ?  

Tha t  b reaks  down i n t o  t w o   t h i n g s :   t h e i r   i n t e r n a l  u s e  o f  i t ,  
a n d   t h e n ,   o f   c o u r s e ,  i ts  u s e  i n   t h e   f i e l d ,  more or less l i k e  a 
p r o d u c t i o n  item ( t h e  DOD w i l l  p r o b a b l y   d o   t h i s   m o r e   t h a n  N A S A ) .  
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CALLAN: I f  a d a n g e r o u s  item is s o l d   f r o m  a m a n u f a c t u r e r   t o  
t he   gove rnmen t ,   and  a c i v i l i a n   e m p l o y e e   o f   t h e   g o v e r n m e n t ,  or a 
s o l d i e r   i n   t h e   m i l i t a r y ,  is i n j u r e d ,   h e   h a s   n o  s u i t  a g a i n s t   t h e  
government .   There  i s  a d o c t r i n e   i n   t h e   m i l i t a r y   a n d   i n  NASA or  

c i v i l i a n   a g e n c i e s ,   t h a t   h i s   c o m p e n s a t i o n ,   w h i c h  is e x c l u s i v e ,  
comes  from a Workman's Comp w i t h   t h e   g o v e r n m e n t .  

A s  r e g a r d s   t h e   s i t u a t i o n   b e t w e e n  NASA and t h e   m a n u f a c t u r e r ,  
when NASA accepts someth ing ,  i t  accepts it f o r   e v e r y t h i n g  except 
l a t e n t   d e f e c t s  or f r a u d   o r   m i s r e p r e s e n t a t i o n .  

Once w e  take it  a n d   i n s p e c t  i t  and accept it,  it is o u r s ,  un- 
less t h e r e  is a n   e x p r e s s   w a r r a n t y   t h a t   s u r v i v e s   o u r   i n s p e c t i o n  
l anguage .  

HELLFRITZSCH: Then it i s  e s s e n t i a l l y   t h e  case o f   t h e  commer- 
c i a l  m a n u f a c t u r e r   v e r s u s   t h e   c o m m e r c i a l ,   w h e r e   b o t h   p e o p l e  know 
wha t   t hey  a r e  s e l l i n g   a n d   b u y i n g   a n d   t h e y   d o  it a t  arm's l e n g t h ?  

CALLAN : Yes. 

HELLFRITZSCH: I s h o u l d  l i k e  t o  make o n e   g e n e r a l  comment a b o u t  
b e t t e r y   s a f e t y .  A l l  b a t t e r i e s  a r e ,  t o  some e x t e n t ,   h a z a r d o u s ,   a n d  
a lways  w i l l  b e .   I f   y o u   i n g e s t   t h e  mater ia l s  t h a t   t h e y  a r e  made 
o f ,   t h e y  may n o t  k i l l  y o u   i m m e d i a t e l y ,   b u t   t h e y   a r e   h e a v y  metal 
o x i d e s .   M o s t   o f   t h e   l i q u i d s   t h a t   c a n   b e   p o u r e d   o u t  a r e  c o r r o -  
s i v e .   I f   g a s e s   e m a n a t e ,   t h e y   c o u l d   b e   d e a d l y .  Any a q u e o u s   b a t -  
t e r y   w i t h   z i n c  or  magnes ium  anodes   can   g ive   o f f   hydrogen ,   poss ib ly  
caus ing   hydrogen-oxygen  explos ions .  As f a r  as  t h e   v o l t a g e  is  con- 
c e r n e d ,   a n  e l e c t r i c a l  e n g i n e e r i n g   p r o f e s s o r  a t  W i s c o n s i n   t o l d  me 
t h a t  a sewer i n s p e c t o r   i n   C h i c a g o  was k i l l e d   w i t h   a n   o r d i n a r y  
t w o - c e l l   f l a s h l i g h t .  

T h e s e   t h i n g s   a r e   n e v e r   g o i n g   t o   c h a n g e .  

SCUILLA: B a s i c a l l y ,  I s h o u l d  j u s t  add t h a t  I b e l i e v e   s a f e t y  
is e v e r y o n e ' s   r e s p o n s i b i l i t y .  

I s h o u l d  l i k e  t o   t h a n k  a l l  t h e   p a n e l  members  and t h e   a u d i e n c e  
f o r  a v e r y   f r u i t f u l   d i s c u s s i o n .  
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HIGH  ENERGY  DENSITY  BATTERIES  FOR  SATELLITE  APPLICATIONS 

L. Marcoux,  Hughes Aircraft 
R. Marsh,  AFAPL 

I should like  very  quickly to  go over the first year of a 
study  we performed for the Air Force. 

The idea of the  program  was  that  the Air Force recognized 
that,  in  a period starting  in  1990, they will  require very large 
(25-100kW in  some  instances) power systems in space. They also 
recognized that it was impossible to embark on  a battery develop- 
ment program for those  kinds of power systems. 

They knew  that DOE had been pumping several million dollars  a 
year into high-energy batteries for terrestrial applications, and 
so their  ideal was  to see where the performance requirements of 
DOE differed from the aerospace  requirements, and  to establish 
whether or not  these  systems showed any promise in aerospace ap- 
plication. 

The  objective  of  the  program  was to determine  the  suitability 
of those advanced systems, to narrow them down to those showing 
the most promise, and then, in the second year of  the  program,  to 
conduct preliminary design studies. 

(Table 14-1) 

An interesting way  to begin the study is  to look at the  simi- 
larities and differences in the battery requirements themselves. 

The  total energy requirements  of the Air Force aerospace ap- 
plications are very similar to those of the electric  vehicle,  and, 
of course, are dramatically  different  from those of load level- 
ing. Specific  energy  requirements, operating voltages and base- 
line power requirements  are  again  comparable with those  of the 
electric vehicle. The peak power requirement, indicated as a peak 
power of 100 kW, seems  fairly  innocuous and straightforward. How- 
ever, when evaluated in terms  of the peak  power  to baseline energy 
ratio, it is an appalling power requirement, and it is  consider- 
ably more rigorous  than  those  of the electric vehicle. The 
advanced battery systems  are very low in  power. The  rest of.the 
characteristics,  with  one  exception,  are very similar. The 
charge-discharge times  are, of  course,  a  little more rigorous for 
the space application. The calendar life for space  applications 
may be not as rigorous  as  that of the  DOE  terrestrial applica- 
tions. The  time  frame  is the same. The great advantage that we 
enjoyed in this  study  was  that we were not held to the $30-100/kWh 
that is characteristic of the terrestrial application. However, 
we do have cost constraints. 
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Our plan was  to spend the  first year in  technology  assessment 
(battery  technology  evaluation,  prelininary  engineering  studies 
and system selection), and the  second  year  in technical design 
(cell design, battery design and battery integration). Most of 
the first year was  to be spent in selecting of system around which 
to  perform  those designs. 

The battery evaluation  was  fairly  straightforward,  consisting 
of  data base generation  (literature  search,  technical  meetings, 
and meetings  with battery developers and development  sponsors), 
system comparison  (preliminary  data  packages,  state of the art 
battery comparison and preliminary  system  selection) and perfor- 
mance projection  (identification of historical  development path- 
ways,  problem  areas and possible  problem resolution). This third 
area  was  the  most  important because it became clear immediately 
that there were  no  systems  today  in  which  state of the  art tech- 
nology was  adaptable  to the aerospace application. 

However,  we  knew  that,  in  the  past,  many  decisions  have been 
made in the development of these batteries whereby cost had been 
minimized at  the  expense of  performance, and we  felt  that perfor- 
mance could be optimized if more money were  made available for the 
systems. This proved to be the case. Our conclusion  was  that, 
for the high-temperature batteries,  we should pursue technology 
that  was being discussed four years  ago,  because  the  performance 
capability was  probably there. 

At the  same  time,  we  thought it was  important investigate the 
engineering aspect. We knew  that there was  a high probability 
that  the  systems under consideration for integration into the 
spacecraft would be high-temperature batteries, 400 - 500 C 
devices. This  is not  as outrageous as it sounds. The  people 
working on nuclear power systems for spacecraft had the same prob- 
lem.  We did, in fact, carry out a  preliminary  set  of  studies  to 
evaluate the alternative  control and isolation technologies. 

Because we recognized quite  early  that  we had a  severe power 
problem, we felt  we should also evaluate hybrid technology. Our 
conclusions  were that, in very strange  duty cycles, it could con- 
ceivably be of  some  benefit,  especially in the case of a  flywheel 
which could be integrated with the attitude  control system. How- 
ever, the Air Force power requirement is for a  large, prolonged 
burst, and there the energy storage  capability  rejects  the  fly- 
wheel concept, and also the  concept of using very high power peak- 
ing Ni/Cd or Ni/H2 batteries. 

Finally,  we  felt  that  the Air Force  guidelines were certainly 
a good beginning. However, we needed to narrow  down those mission 
constraints further and examine real missions  because  of  the di- 
versity of the guidelines. 

(Figure  14-1) 
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As shown in  Figure 14-1, with the guidelines and the  mission 
requirements, we established battery requirements. We then used 
various inputs to project battery capability. We also considered 
the engineering constraints on the  battery, and traded those  off 
against one another to  develop  a system. 

The advanced battery literature is at best a  swamp,  with  many 
strange beasts in it. We needed criteria  to reduce the number of 
batteries under consideration. This  was  done in conjunction with 
our evaluation of the literature. We found that  systems  to be 
considered for use  in  the  1990s would have  to be under active de- 
velopment now. We needed systems  in which real cells had been 
demonstrated. We  felt  it would be an  advantage if two of  those 
cells had been discharged and charged together,  that 200 or 300 
cycles should have been  demonstrated on the  system, and that  there 
should be a  large  enough  data base available for us to work with 
the systems. 

Using those  criteria,  we  were  then  able  to  group  the advanced 
systems into three major categories  that typify their electro- 
chemical behavior,  namely  the  molten  salt  cells, which had unique 
advantages and unique problems;  organic  electrolyte  cells, which 
are characterized by their complex chemistry and high resistance; 
and aqueous cells,  which,  on  examination, appeared considerably 
better than we would have ever imagined. 

We then broke the  categories down and considered the systems 
available within each one. We  first considered the  molten salt 
cells; these included sodium  cells with beta alumina  separators, 
antimony trichloride  systems and the  various sulfur systems  that 
Mammantoff is working with, the lithium sulfur systems  in their 
various forms; and the older lithium  halogen systems. Of that 
first set we were  able  to  eliminate all but sodium sulfur and 
lithium metal sulfide. 

We had approached the  organic  electrolyte  cells  (sodium  cells 
with  beta alumina separators, and lithium  chalcogenide  cells) with 
enthusiasm until we reached the conclusion that they  were  probably 
one major scientific breakthrough away from being applicable. We 
wanted to  limit  ourselves  to technology that  we  felt was applic- 
able to our  1990  target date. Therefore, although these  cells 
have considerable  advantages and are  much easier to integrate than 
the high-temperature batteries, it would be premature  to consider 
them at present. 

Finally,  we  considered  the  aqueous systems. We investigated 
the redox systems by using standard aqueous redox potentials, and 
found that  specific  energies, of course, could never meet  those  of 
our requirements. We  then examined the zinc  chlorine and zinc 
bromine systems,  found  out  that  zinc bromine had all of the  advan- 
tages  of zinc chlorine and none  of  the  disadvantages, and decided 
to  concentrate on  the  zinc bromine systems. 
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(Table 14-2) 

Six  months  ago,  when  we had narrowed our systems,  we had 
arrived at  the  strengths and weaknesses  indicated in Table 14-2. 

Our activity  in battery evaluation  occupied  the second six 
months of the program. We  then concentrated on these systems in 
an  attempt  to  extrapolate their technology  to 1990 and to develop 
a  program  plan  that would allow us  to  reach  that point. 

The  thermal  management  study  was  a  fairly  straightforward 
engineering study  in high temperature  materials and heat trans- 
fer. It included evaluation  of battery packaging  alternatives 
(insulation and configuration), provision  of preliminary radiator 
sizing  estimates,  evaluation  of  the  impact  of  the operating tem- 
perature on  heat  rejection  system weight,  and, most  important, 
evaluation of three  methods of thermal control: louvers,  heat 
pipes and fluid loops. 

(Figure  14-2) 

The  conclusions,  shown  in  Figure  14-2,  were  that the weight 
advantages  of  louvers  were significant. However, their control 
was  not as  tight; the  thermal  stratification  was greater. The 
heat pipes and fluid loops offered the  same  weight type character- 
istics. However,  heat  pipes were considerably  more  reliable be- 
cause they  did not require  the  active  mass  transport of pump fluid 
loops. 

Other conclusions of  the thermal  study were: surface  area 
optimization of  the battery package  design  reduces heat leaks and 
weight;  dual radiator designs  reduce  system  weight;  alkali  metal 
(Cs) heat  pipes  have  potential for control  flexibility and relia- 
bility;  the  most  effective  insulation  material  is the DOE devel- 
oped multifoil vacuum  insulation; and,  of  course, the thermal man- 
agement  system  components  require  additional development. 

We entered the mission analysis task with the attitude that 
it would be a  straightforward  evaluation  of  shuttle  launch re- 
quirements along with projected Air Force and NASA missions, in 
order to  specify baseline power,  peak  power,  weight  constraints, 
capacity,  cycle life, calendar life,  duty  cycle, launch and safety 
requirements,  spacecraft interfaces and vulnerability require- 
ments. We found that the Air Force  missions were not well defined 
and that  the  NASA  missions  were  too  well defined. They were very 
large Ni/Cd systems for low-Earth application. We were therefore 
not  able to talk about  specific  aspects of the mission. 

We therefore sorted the various  requirements into three cat- 
egories. The  first  was  the  set  of  primary  requirements,  which 
would be limiting. Not surprisingly, after a year's work we con- 
cluded that  specific energy was  going  to be critical. The set of 
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secondary  requirements  were those related to lifetime  (duty  cycle, 
cycle  life, calendar life). We  felt  that  the battery system tech- 
nology was  such  that  those  were  no problems. Finally, we did go 
through the  shuttle  launch  requirements,  safety  requirements, vul- 
nerability requirements and spacecraft integration. Again, we 
felt  that everything here  could be  done.  If we  do  not have  the 
power and energy  in  the  right  weight  package, we have  no  mission 
anyway. 

We  also tried to make some  generalizations,  largely  from  the 
Lockheed high-voltage high-power study  conclusions, and from some 
work done at Wright  Field, on what  the Air Force general  mission 
requirements  should be. They  are rather interesting. They  gave 
us good reason  to  concentrate on synchronous  orbits and ignore 
low-Earth orbits,  where  the advanced systems have less promise. 
As for the baseline power requirements, with the  window  that  we 
knew about, the peaking capability required is still  outrageous 
(up  to ten times  the baseline), and I doubt if these  systems  can 
meet it as stated. I  feel  that what will ultimately evolve  is  a 
compromise between what  the Air Force requires and what it can 
have; the problem is largely  a  definition  of peak duration. It  is 
the energy under the peak that  is limiting. 

The weight  aspects  are the most interesting. Very large  com- 
munication satellites for synchronous  orbit today run  somewhere 
between 7 and 8% battery weight. That  is  conventional technol- 
ogy. For power satellites, considering all the components neces- 
sary to keep  them  orbiting, it is possible to go up to 20% for 
battery weight, and that  is fairly generous,  as  well as probably 
cheating a  little on the power electronics. 

Our assumption was  that the  systems were going to be 
shuttle-launched into synchronous or 12h elliptic orbits. That 
meant we could use 2260-2720kg (5000 or 6000  lb) for the on-orbit 
weight of the spacecraft. 

(Figure 14-3 1 

If we do  that,  we see for the baseline power requirements 
(the  abcissa on Figure 14-3) that at 7.5% of  the  spacecraft de- 
voted to battery weight  (assuming  that  in  1990  we  can  achieve 
160 Wh depth  of  discharge),  this is a very optimistic  sort  of cell 
performance. Those  numbers  are derated for thermal isolation and 
control by 20%, and by 20% for converter inefficiencies. There is 
another derating  factor  which I do not recall. These  are  fairly 
conservative numbers. Thus,  a  conventional  spacecraft  should be 
capable of about  15kW, or perhaps  20 - 25kW for a  good design. 

(Figure 1 4 - 4 )  
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That  changes  considerably when the Air Force's peak power 
requirement is applied. A spacecraft  with  15% battery weight is 
then  capable of,  say, 20kW. Thus,  with  the  current battery tech- 
nology,  the  original  idea of a 50kW  device  in  synchronous  orbit  is 
unrealistic. 

The  conclusions  of  these  considerations  were  that  the  zinc 
bromine system  simply did not  have  the  specific  energy to be con- 
sidered for synchronous orbit. We feel  that it is a very inter- 
esting system, and appears  to be capable of extremely long life. 
It is  not  as complex  as it might appear superficially, and prob- 
ably deserves  further consideration for use in very large power 
systems and low-Earth orbit. For the  synchronous and elliptical 
applications,  lithium metal sufide and sodium sulfur are probably 
the only  systems  consistent  with  the  requirements of 20 - 30kW 
higher orbit missions. They appear to be indistinguishable, and 
both have  individual  strengths and weaknesses. 

In terms  of  specific  energy, both systems  are essentially 
equivalent, and both require  substantial  increase for use in sat- 
ellite application. The  specific  energy  requirements  of the space 
mission are  such  that  lithium  aluminum  iron  sulfide will have  to 
become lithium  silicon  iron  disulfide,  with  considerable chemical 
changes. At present  the  sodium sulfur system probably has as high 
a specific  energy as a one-tube, one-cell sort of device can ever 
have. Consequently,  to  meet  the  specific energy requirements, a 
major development  in  cell  design  is  necessary,  to  replace the 
one-tube, one-cell configuration. 

Both systems  are power poor, but the  changes necessary to 
meet  specific  energy  will also increase the power capability. The 
peak-to-base power capability  will  probably never exceed 2:l. 

The  operating  temperature,  oddly enough,  favors the higher 
temperature system  (lithium metal sulfide),  simply because it re- 
duces  the radiator size. One of the  problems in thermal control 
was that the  vast  difference  in  temperatures between the batteries 
and the  electronic  heat  dissipation would require  two  separate 
thermal control systems. The thermal control  aspect of the high- 
temperature battery will be minor because of the extremely high 
operating temperature. 

The  sodium sulfur system  has a much longer lifetime  than  the 
lithium metal sulfide system. However, by the 199Os, the lithium 
metal sulfide  system  will probably meet the 1000-cycle requirement 
f o r  the space mission. Extended calendar life  is  not demonstrated 
for either system, but this  will be no  problem if batteries can be 
frozen between eclipse sensors. 
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Because of the one-cell, one-tube arrangement of the  sodium 
sulfur battery, it  is difficult to put  into a battery configura- 
tion. Obviously that  system  will  have to  be replaced,  simply be- 
cause  it  will be impossible  to carry enough container material  to 
meet the requirements  with  current  cell technology. 

Both systems  are fragile. We do not think that  this is a 
major problem. We should be able  to  launch  the  system  frozen, and 
packaging will reduce  the problem. 

Our feeling for the  way  the  program should go  in  the  next ten 
years  is  that,  because  of  the integration problems in batteries of 
this  type, we  cannot simply  jump  from a cell-development phase to 
a battery-development phase, but that we must go through an inter- 
mediate development of the battery module, which we assume  will be 
thermally and electrically independent. 

(Table 14-3 ) 

The program would probably have  three  phases, as shown in 
Table 14-3, the zero  phase being  our own  study  program,  the  next a 
cell-development phase, followed by a module-development phase, 
and finally, a module demonstration phase. 

The module-development phase would simply  test the various 
control aspects  of the module and would not  result in the demon- 
stration  of  the module. It would simply be sub-module  component 
development, and would also continue cell development through that 
phase to a point  where  the  cells  were qualified for flight. The 
final phase,  module  demonstration, would be a qualification phase 
for the battery modules. 

I think one of the interesting things  was  that, at least dur- 
ing the early phases  of  this  program,  we  sat  down and carefully 
evaluated the costs. I think those  numbers  are  conservative,  and, 
are some four or five  times larger than the Air Force ever thought 
they would be. However,  the important aspect  of  the  study  is  that 
the development of this  type  of battery system  is  expensive,  is 
not straightforward and is going to take a long time. 

(Table 14-4 ) 

I think the  schedule  is very tight. In fact, it indicates . 
that a very successful  program would be necessary to make the  1990 
mission  initiation date. 

The major conclusions in the study have  come  out  during  the 
discussion. They  are as follows. The  missions  will be 10 - 
100 kW type power requirements in higher orbits. Thermal  problems 
appear to be manageable. The hybrid concept  does  not appear to be 
useful for military spacecraft. The  most  promising  systems for 
the Air Force  application are the alkali metal sulfur systems. 
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I t  is  clear  t h a t ,  because o f   t h e   s p e c i f i c   e n e r g i e s   o b t a i n a b l e   i n  
t h e   n e a r  term, w e  m u s t   w o r k   v e r y   c a r f u l l y   w i t h   t h e   s p a c e c r a f t   d e -  
s i g n e r s   a n d   i n t e g r a t o r s  because we need   12  - 15% of t h e  spacecraf t  
w e i g h t   f o r   b a t t e r y .  

F i n a l l y ,  I m u s t   p o i n t   o u t   t h a t   t h i s   h a s   b e e n   a n   e x t r e m e l y  
o p t i m i s t i c   s t u d y .  I t h i n k  it h a s   t o   b e ,   b e c a u s e   t h e   n e e d  i s  r e a l ,  
and will p r o b a b l y   d r i v e   t h e   d e v e l o p m e n t .   H o w e v e r ,  a l l  o u r   p r o j e c -  
t i o n s  are  acknowledged as  o p t i m i s t i c .  

D I S C U S S I O N  

LEAR: I n o t i c e d   t h a t  you  had a s e p a r a t o r   p r o b l e m   w i t h   t h e  
z i n c   b r o m i n e   s y s t e m .  

MARCOUX: I t  i s  a s e p a r a t i o n   p r o b l e m ,   n o t  a s e p a r a t o r   p r o b -  
lem. The d i f f i c u l t y ,  which i s  s o l v a b l e ,  i s  t h a t  t h e   z i n c   b r o m i n e  
s y s t e m   i n  i t s  p r e s e n t   c o n f i g u r a t i o n  r equ i r e s  g r a v i t y   i n   t h a t   t h e  
bromine is s e p a r a t e d   o n   c h a r g e   f r o m   t h e   e l e c t r o l y t e   f l o w  by an  
o r g a n i c   c o m p l e x i n g   a g e n t ,  a q u a t e n a r y  ammonium b r o m i d e   t h a t   f o r m s  
a p o l y b r o m i d e   i n   a n  admissible phase .  

Dr. L i m  a t  Malibu h a s  s a i d  t h a t   t h i s  is n o   p r o b l e m ,   a n d   t h a t  
t h e s e   m o l e c u l e s  a r e  l i k e  a n i o n   e x c h a n g e   r e s i n s .  He h a s  shown t h a t  
we c o u l d   g e t   a b o u t   t h r e e   m o l e c u l e s   o f   b r o m i n e .  I t  can  be done 
w i t h  a s o l i d   b r o m i n e   c o m p l e x e r   r a t h e r   t h a n  a l i q u i d  t y p e .   T h a t  
would be a d i s a d v a n t a g e   f o r   s p a c e ,  b u t  p r o b a b l y   n o t   f o r  mass. 

LEAR: Did  you   look  a t  a p a c k a g i n g   c o n c e p t   f o r   t h i s  pa r t i cu -  
l a r  sys t em?  

MARCOUX: We d i d  n o t   h a v e   t o .  Exxon h a s  a v e r y   n i c e   o n e .  
T h e i r  EV b a t t e r y   l o o k e d  as though it c o u l d   s i m p l y  be p u t   i n t o  a 
s p a c e c r a f t  . 

HALPERT: You were t a l k i n g   a b o u t   s y n c h r o n o u s   o r b i t s .   T h e n  
you  mentioned a 1000-cyc le   r equ i r emen t .  

MARCOUX: Tha t  i s  f o r  t e n  y e a r s .  
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BATTERY  GUIDELINES I 
" 

SPECIFICATION T; 
TOTAL  ENERGY,  KWH 
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151 

I 



PROGRAM  COMPONENTS I 
HE08 PROGRAM 1979  TO 1981 

I I PHELIMINARYCELL 
DEVELOPMENT I lg8'  lS5 

111 I BATTERYMOOULE  198710 1590 
DEMONSTRATION 

- 

OBJECTIVES 

EVALUATE  FEASIBILITY OF CONCEPT 
IDENTIFY  CANDIDATE BATTERY SYSTEMS 
DEFINE CELL AN0 BATTERY RE(IU1REMENT: 
IDENTIFY  CANDIDATE MISSIONS 
DEVELOPCONCEPTUAL DESIGNS 

DESIGN, DEVELOP. AN0 TEST CELLS 
DEVELOP HIGH PERFORMANCE COMPONENT! 
DEMONSTRATE FEASIBILITY  AT  CELL LEVEL 

DEFINE  FINAL BATTERY REOUIREMENTS 
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2.0 COMPONENT DEVELOPMENT 
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1.0 MISSION OEFlNlTlONlPRELlM DESIGN 

3 0 THERMAL CONTROL 
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THE  STRUCTURES  OF  THE SINTERED PLAQUE I N  THE 
NICKEL HYDROXIDE ELECTRODE 

B. Vyas 
B e l l  L a b o r a t o r i e s  

T h e   s e a r c h  f o r  l o n g e r   l a s t i n g   n i c k e l   c a d m i u m  ba t te r ies  i s  a 
c o n t i n u o u s   e f f o r t :  i n  r e c e n t   y e a r s   t h e r e   h a s   b e e n  a g r e a t e r  em- 
p h a s i s   o n   t h e   s i n t e r   i n   t h e  n i c k e l  b a t t e r y   i t s e l f .  

I s h a l l  t a l k  a b o u t   t h e   s i n t e r   i n   t h e   n i c k e l   h y d r o x i d e  posi-  
t i v e   e l e c t r o d e   a n d  how t h a t   a f f e c t s   t h e   l i g h t n e s s   a b i l i t y  of t h a t  
e l e c t r o d e .  

( F i g u r e   1 5 - 1  1 

F i g u r e   1 5 - 1  is a p r e s e n t a t i o n   o f   t h e   v a r i o u s   f a i l u r e   m e c h a n -  
isms t h a t   h a v e   b e e n   i d e n t i f i e d   f o r   t h e   n i c k e l   e l e c t r o d e .   T h e  
n i c k e l   s i n t e r  is  i n v o l v e d   i n   a l l   t h e s e   f a i l u r e   m o d e s .   T h e  f i r s t  
o n e ,   c h e m i c a l  a t t ack  b y   c a r b o n a t e ,   n i t r a t e   o r   o t h e r   e l e c t r o l y t e  
c o m p o n e n t s ,   i n v o l v e s   c o r r o s i o n   o f   t h e   n i c k e l   s i n t e r s .   T h e   s e c o n d  
is t h e   p h y s i c a l  m o d e ,   w h i c h   i n v o l v e s   s w e l l i n g  of t h e   e l e c t r o d e ,  
a n d   p h y s i c a l   s h i f t i n g  of t h e   s i n t e r   i n   t h e   e l e c t r o d e s .  The t h i r d  
is t h e   m e c h a n i c a l   f a i l u r e   m o d e ,   a n d  i s  d u e   t o   f a t i g u e   ( t h e   i n -  
crease i n  volume of t h e   n i c k e l   h y d r o x i d e  as  it c h a r g e s   a n d   d i s -  
c h a r g e s ) ,  or t o   t h e   o x y g e n   p r e s s u r e   t h a t   c a u s e s   d e f o r m a t i o n  or 
f r a c t u r e   o f   t h e   s i n t e r .   T h e   i m p o r t a n t   p o i n t  i s  t h a t  a l l  t h e s e  
i n v o l v e   t h e   s i n t e r   i n   t h e   e l e c t r o d e .   T h e r e f o r e ,   i f  we a re  a b l e   t o  
u n d e r s t a n d   w h a t   h a p p e n s   t o   t h e   s i n t e r ,  w e  may b e   a b l e   t o   u n d e r -  
s t a n d  how l o n g   t h e   e l e c t r o d e  i s  l i k e l y  t o  l a s t .  What we h a v e  
t r i e d   t o   d o  i s  l i t e r a l l y  t o  l o o k  a t  t h e   s i n t e r  as  t h e   e l e c t r o d e  i s  
c y c l e d .  I am g o i n g   t o   s h o w  a v e r y   p r e l i m i n a r y   s t u d y   o f   t h a t   s o r t .  

( F i g u r e   1 5 - 2 )  

F igu re   15 -2   shows  a GE s i n t e r  made  by t h e   c o n v e n t i o n a l   s l u r r y  
t e c h n i q u e .   F i g u r e   1 5 - 2 ( a )  i s  a p i c t u r e  a t  l o w   m a g n i f i c a t i o n ;  
F i g u r e   1 5 - 2 ( b )  i s  a t  a m a g n i f i c a t i o n   o f   x 5 0 0 0 .   T h i s  is t h e   m a g n i -  
f i c a t i o n  a t  w h i c h   m o s t   o f   t h e   p i c t u r e s   h a v e   b e e n   t a k e n .  One c a n  
see t h a t   t h e   s i n t e r  as p r e p a r e d  is a c o n g l o m e r a t i o n   o f   r o u n d   p a r -  
t i c l e s .  F i g u r e   1 5 - 2 ( c )   s h o w s   t h e  same s i n t e r   a f t e r   e x p o s u r e  t o  
s o l u t i o n .  We h a v e   r e m o v e d   t h e   a c t i v e  mater ia l  from a n i c k e l  e lec-  
t r o d e   b y   d i s s o l v i n g   t h e   e l e c t r o d e ,   o r  a 1 i n c h   d i s c   f r o m  i t ,  i n  a 
s o l u t i o n   o f  EDTA i n  a m m o n i a .   T h i s   s h o w s   t h a t   w h e n   t h e   s i n t e r  is 
d i s s o l v e d  it is n o t   a t t a c k e d   b y   t h e   s o l u t i o n .   T h i s  was c o n f i r m e d  
b y   w e i g h t   l o s s   m e a s u r e m e n t s .  One c a n  see o n   t h e   p i c t u r e   t h a t  
t h e r e  is no  a t t a c k  o f   t h e   s i n t e r  as s u c h .   T h e r e f o r e ,   t h e   t e c h -  
n i q u e   u s e d   t o  look a t  t h e   s i n t e r   d o e s   n o t   a f f e c t   t h e   s i n t e r   i n   a n y  
way. F i g u r e   1 5 - 2 ( d )   s h o w s   t h e  same s i n t e r ,   a f t e r   b e i n g  wet o x i -  
d i z e d  a t  350 C f o r  20 m i n u t e s .   T h i s  i s  a s t e p  u s e d   i n   t h e  e lec-  
t r o c h e m i c a l   d e p o s i t i o n   o f   n i c k e l   h y d r o x i d e  as  a m e a s u r e  t o  p r e v e n t  
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c o r r o s i o n .  A g a i n ,   t h i s   s i n t e r   l o o k s   q u i t e  similar t o   t h e  un- 
t r e a t e d   o n e  above .   There  is n o   f u r t h e r   s i n t e r i n g ,   r e s h a p i n g   o r  
s t r u c t u r i n g  o f   t h e   s i n t e r   i n   t h i s   o x i d a t i o n  s tep .  

( F i g u r e   1 5 - 3 )  

F i g u r e   1 5 - 3   s h o w s   c o m m e r c i a l   e l e c t r o c h e m i c a l l y   d e p o s i t e d  
e l e c t r o d e s .  We r e m o v e d   t h e   a c t i v e  mater ia l  and now we a r e  j u s t  
l o o k i n g  a t  t h e   s i n t e r .  I t  l o o k s   q u i t e  s imi la r  t o   t h o s e  shown i n  
F igure   15-2 .   There  is no   damage .   Noth ing   has   happened .   F igure  
15 -3 (b )   shows   t he  same e l e c t r o d e s   a f t e r  270 c y c l e s  a t  room temper- 
a tu re  i n  a f l o o d e d  c e l l  i n   3 0 %  KOH. A g a i n ,   t h e   s i n t e r   l o o k s   q u i t e  
t h e  same. T h i s   i n d i c a t e s   t h a t   t h e   p r e p a s s i v a t i o n  s t e p ,  t h e   o x i d a -  
t i o n  s t e p ,  was u s e d   t o   f o r m   t h e  p a s s i f e r  w h i c h   p r e v e n t s   t h e   c o r -  
r o s i o n   o f   t h e   s i n t e r .   T h u s ,  as  t h i s   a s - r e c e i v e d   s i n t e r   e l e c t r o d e  
is c y c l e d ,  it i s  no t   damaged .   Th i s  is v e r y   i m p o r t a n t   b u t   n o t h i n g  
new.  What is i m p o r t a n t  i s  t h a t   t h e r e  i s  n o   c o n t r o l   o n   t h i s   c o r -  
r o s i o n ,   w h i c h   l e a d s   t o  a v a r i a t i o n   o f   c o r r o s i o n   f r o m   o n e   l o t   t o  
t h e   o t h e r .  

(F igu re   15 -4  

From Figure   15-4  you  can see t h a t   t h e   l o t  1 2  s i n t e r  seems t o  
b e   t h e   c l o s e s t   t o   t h e  s t a r t i n g   s i n t e r ,   a n d   t h e   l o t   1 9  is t h e   m o s t  
damaged s i n t e r .   L o t s  1 7  a n d   1 8   f a l l   i n   b e t w e e n   t h e m .  

( F i g u r e   1 5 - 5 )  

The same is  t r u e  a f t e r  66 c y c l e s  a t  t h e  C r a t e  a t  room tem- 
pe ra tu re  i n  a f l o o d e d  c e l l :  t h e   l o t   1 2   s i n t e r  is s t i l l  q u i t e  simi- 
l a r  t o   t h e   s t a r t i n g   s i n t e r ,   w h i l e   l o t   1 9   s h o w s  many j o i n t s   t h a t  
h a v e   b e e n   b r o k e n   o v e r .   A g a i n ,   l o t s   1 7   a n d   1 8   f a l l   s o m e w h e r e   i n  
be tween.   Thus ,   by   looking  a t  t h e   s i n t e r s ,   o n e   c a n  see which a re  
s t r o n g e r .   I n   t h i s  case,  l o t  1 2  i s  t h e   s t r o n g e s t ,   a n d   l o t   1 9   t h e  
weakest. I f   t h e   g r o w t h   o r   d e s t r u c t i o n   o f   t h e s e   e l e c t r o d e s  a r e  
d e p e n d e n t   o n   t h e   s t r e n g t h   o f   t h e   s i n t e r ,   t h e   l i f e  of  t h e   e l e c t r o d e  
may b e   a s s e s s e d  by l o o k i n g  a t  t h e   s i n t e r .  

( F i g u r e   1 5 - 6 )  

Bernha r t   and  Maurer h a v e   a l s o   r u n   g r o w t h   s t u d i e s   o n   t h e s e ,   a g a i n  
c y c l i n g   t h e m  a t  t h e  C r a t e  a t  room temperature i n   f l o o d e d  30% 
KOH. The  growth r a t e  o f   l o t   1 9  i s  t h e   h i g h e s t ,   t h a t   o f   l o t  1 2  i s  
t h e   l o w e s t ,   a n d   l o t s  1 7  a n d   1 8   f a l l   i n   b e t w e e n .   T h i s  i s  c o n s i s t -  
e n t   w i t h   s a y i n g   w h e r e   t h e   s t r e n g t h   o f   t h e   s i n t e r  l i e s .  Hence, 
t h e r e  seems t o  be a q u a l i t a t i v e   c o m p a r i s o n   b e t w e e n   t h e   s t r e n g t h  
o f   t h e   s i n t e r   a n d   t h e   g r o w t h   r a t e   o b s e r v e d   i n   t h e s e   e l e c t r o d e s .  

(Table   15-1)  
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To get  a more quantitative idea of  the  destruction  of the 
electrode  we  measured  the resistance of  the sinter after removal 
of the active material. The GE sinter has  a  resistivity  of 110, 
whatever that related number means. Then lots  12, 17, 18, 19  have 
values of 212, 187, 226 and 215 respectively. The R, the change 
in resistance  due to corrosion and bond breaking, is almost 100% 
for chemically  deposited  electrodes, while for the electro- 
chemically deposited  electrode it is very small, which  is  again 
consistent  with  corrosion  occurring  during  the impregnation step 
of these electrodes. 

On  cycling  these  electrodes for 100 cycles,  there  is  a  slight 
increase in  the resistance. Again,  lot 12 and lot 18 have values 
of  about 16. Lot 19, which is the  weakest,  has attained a resis- 
tance of about 51. Thus, a  semiquantitative idea of the mechanism 
of  destruction  of  the sinter and the  life of this  electrode is 
possible. 

(Figure 15-7) 

Figure 15-7 shows  electrode  plates taken from real cells  that 
have been cycled. Lot 12 was cycled rapidly for about 8000 
cycles: the plate  looks  the  same  as before cycling. Lot 19 was 
run through high-temperature  overcharge and rapid cycling. This 
is an accelerated test,  which  is  equivalent to about eight equiva- 
lent seasons  of  orbital cycling. All the active material and the 
sinter have just  fallen off, leaving only  the screen. 

We then decided  to look at the sinter of these small chunks 
on the plate. These  batteries had nylon separators. 

(Figure  15-8) 

The sinter in  the  lot 12 plate  from  the  cell  seems to be 
damaged, but it is still there. Most of the sinter in the lot 19 
plate has disappeared,  just as the active material. The most in- 
teresting thing was the etching of the sinter on the boundaries. 
That intrigued us because it was  different  from  normal  corrosion, 
which is seen  during the impregnation process where the whole 
material simply dissolves. Here,  there  seems  to be preferential 
attack at the sinter bonds. It  is  quite different. The third 
cell (c) is also  made  with electro-deposited electrodes. Again, 
in these cells  with  nylon  separators,  the sinter in the electro- 
chemical electrode  is also being destroyed. There is slight  etch- 
ing, but much less pronounced. 

It therefore  seems  that  cells  with  nylon  separators attack 
the sinter preferably  at the grain boundaries. To check that,  we 
ran  lot  19  electrode  in 30% KOH for about  292 cycles. 

(Figure 15-9 
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Although t h e   s i n t e r  i s  corroded, it looks  very  s imilar   to   the 
impregnated s i n t e r .  The bonds are  broken up a l l  over  the  place.  
There is no obvious   p referen t ia l   a t tack ,   s imply  a general  de- 
s t r u c t i o n  of t h e  s i n t e r .  

However, when we cycled a l o t  1 2  e l ec t rode  i n  a so lu t ion   of  
3.5M KOH and 1.8M  K2CO3 e t ch ing   occu r s   a t  t h e  gra in  bounda- 
r i e s ,  and is  very  s imilar   to   the  e tching  observed i n  t h e   s i n t e r  
from r e a l   b a t t e r i e s   t h a t  were  run  under acce le ra t ed   t e s t s .  

T h u s  it seems that   carbonate  seems t o  form t h i s  p r e f e r e n t i a l  
a t t ack .  I t  is well known that   carbonate   corrodes  the  nickel  i n  
t h e s e   c e l l s .  However, it is s i g n i f i c a n t   t h a t   t h e   a t t a c k  is pre- 
f e r e n t i a l .  T h i s  can be  more harmful  because i t  tends  to  break  the 
s i n t e r  bond f a s t e r .  Again, Maurer and Bernhart  have shown t h a t  
the   ra te   for   e lec t rodes   cyc led  i n  carbonate   solut ions is an order 
of magnitude greater   than  for  KOH. 

I n  the  cel ls ,   of   course,   nylon  degradat ion  occurs ,  and one 
of  the  products  of t h i s  decomposition is  carbonate.  T h i s  shows 
that   the   carbonate  i s  causing t h i s  damage. However, i t  also  pro-  
duces   n i t r a t e  and ammonia, and these  could  affect  t h i s  k i n d  of 
a t tack ,   too .  

To summarize: i n  the  e lectrochemical   process ,   the   s inter  
remains  unchanged  during  the  impregnation  process. I t  is r e l a -  
t ive ly   s t rong .  However, i n  a chemical  deposit ion  there is tremen- 
dous uncontrolled  corrosion, which l e a d s   t o  a weak s i n t e r .  T h i s  
a lso  causes   lot- to- lot   var ia t ion.   During  cycl ing,   the   s inter  i s  
damaged, the bonds are  being  broken,  and, i f  there   a re   impur i t ies  
l ike   carbonates   p resent  i n  the   e lec t ro ly te ,   they   tend  t o  a t t ack  
t h e   s i n t e r   p r e f e r e n t i a l l y ,   l e a d i n g   t o  a f a s t e r  breakdown of the 
sinter  bonds,   higher growth r a t e s  and a low l i f e   f o r   t h e   e l e c -  
t rodes .   F ina l ly ,  it is  p o s s i b l e   t h a t   t h e   r e s i s t i v i t y  measurement 
of t he   s in t e r   cou ld   l ead   t o  a better  understanding of the   a t tack  
on the   s in te r   as   the   e lec t rode  is  being  cycled. 

D I S C U S S I O N  

DUNLOP: Do you have  any explanation of the  carbonate  attack 
on the   n i cke l   s in t e r  and t h e   p r e f e r e n t i a l   a t t a c k ?  

W A S :  We a re   i nves t iga t ing  t h i s  p r e f e r e n t i a l   a t t a c k ,  b u t  I 
can  report  nothing a t   p r e s e n t .  

LEAR: You have sa id   t ha t   ny lon   acce le ra t e s   t he   f a i lu re  
r a t e .  Would you l i k e   t o  expand on t h a t ?  

W A S :  I showed p ic tu re s  of t h e   s i n t e r   t h a t  was p re fe ren t i -  
a l ly   a t tacked  i n  t hese   p l a t e s .  

(Figure  15-8) 
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F i g u r e   1 5 - 8   s h o w e d   p r e f e r e n t i a l  a t t ack  o f   t h e   s i n t e r   b o n d s ,  
a n d   t h e s e  c e l l s  h a d   n y l o n   s e p a r a t o r s .  I t  i s  a l s o  known t h a t   t h e  
n y l o n   s e p a r a t o r   d e c o m p o s e s   t o   c a r b o n a t e ,   a n d   c a r b o n a t e  causes such  
p r e f e r e n t i a l  a t t ack .  T h e r e f o r e ,   o n e   c o u l d   c o n c l u d e   t h a t   t h e   n y l o n  
s e p a r a t o r  may c a u s e   t h e   p r e f e r e n t i a l  a t t ack .  

These a re  accelerated tests, where a h i g h - t e m p e r a t u r e   o v e r -  
c h a r g e  is g i v e n   t o   t h e   b a t t e r y ,   a n d   t h e n   r a p i d   c y c l i n g  is c a r r i e d  
o u t  as a m e a n s   o f   a c c e l e r a t i n g   w h a t   w o u l d   h a p p e n   i n  a r e a l  l i f e  
o r b i t a l  t e s t .  

LIM: Could  you  comment  on how you t a k e  t h e   a c t i v e  mater ia l  
o u t ,   a n d   t h e   p o s s i b i l i t y   o f   t h e   n i c k e l   s i n t e r   d i s s o l u t i o n   d u r i n g  
t h a t   p r o c e s s ?  

VYAS: We t a k e  a l i n  d i sc ,  d i s s o l v e  it i n   h o t   s o l u t i o n   o f  
4 mg EDTA, l O m l  ammonium hydroxide   and  60ml water, a n d   l e a v e  it 
f o r  a c o u p l e  of hours .   That   removes  a l l  t h e   a c t i v e  mater ia l .  We 
h a v e   c h e c k e d   t h i s   b y   w e i g h t   l o s s :  w e  have  l e f t  t h e  sample over -  
n i g h t ,   a n d  the re  i s  no   change   i n   we igh t .  And we looked  SDM and 
t h e   s i n t e r   l o o k s   t h e  same. Thus w e  h a v e   c o n f i r m e d   t h a t   t h a t   d o e s  
n o t  a t t a c k  t h e   s i n t e r   v e r y  much. 

HENDEE: I t h i n k   y o u  sa id  t h a t  you were o n l y   l o o k i n g  a t  t h e  
v e r y   o u t s i d e   o f   t h e   p l a q u e .  Have  you  looked t o  see i f   t h i s   c o r r o -  
s i o n   s t a r t s  a t  t h e   o u t s i d e   a n d   w o r k s   i n w a r d   t h r o u g h   t o   t h e  s u b -  
s t r a t e  d u r i n g   c y c l i n g ?  

VYAS: I t  happens  a l l  o v e r .  We m a i n l y   i n v e s t i g a t e d   t h e   s u r -  
face  o f   t h e   e l e c t r o d e   a f t e r  w e  d i s s o l v e d  i t ,  b u t  w e  have   broken  
some u p  a n d   t r i e d   t o   l o o k   o n   t h e   i n s i d e .  For i n s t a n c e ,   t h i s   l o t  
19 i s  c o r r o d e d  a l l  t h e  way down t o   t h e  s u b s t r a t e .  We c o u l d   n o t  
see  a n y   c o r r o s i o n   o f  t h e  s u b s t r a t e  a s  such .  

HENDEE: A r e   y o u   s a y i n g   t h a t  it c o r r o d e s   e v e n l y   t h r o u g h o u t  
w i t h   t i m e ?  

VYAS: No. I am s a y i n g   t h a t   t h e   c o r r o s i o n  i s  u n i f o r m   o v e r   t h e  
c o m p l e t e   s u r f a c e   o f   t h e   s i n t e r  a t  a n y   g i v e n  time. 

HENDEE: I t  i s  n o t   u n i f o r m   f r o m   s u r f a c e  down t h r o u g h   t o   t h e  
s u b s t r a t e ?  

VYAS: No, it d o e s   n o t  seem t o   s t a r t  a t  t h e  sur face  and   then  
keep g o i n g   i n .   H o w e v e r ,   t h i s  is o n l y  a p r e l i m i n a r y   i n v e s t i g a t i o n  
o f  t h e  s i n t e r .   I n   c y c l i n g ,   t h e   b r e a k i n g   o f   t h e   b o n d s  may be  pre- 
f e r e n t i a l .  

161 



FAILURE flECHAHlSMS 
SINTERED NICKEL ELECTRODE 

4 1  
CHEMICAL 

CARBONATE n NITRATE  SWELLING A SEPARATOR  FATIGUE = OXYGEN 

CORROSION  SHUTTLE  BLISTERING  DRYOUT PRESSURE 

F i g u r e  15-1 

EXPOSE TO SOLN. X 5K OXIDIZED X 5K 
( C )  ( d  1 

F i g u r e  15-2  

F i g u r e  15-3 

162 



. . . .., 

F i g u r e   1 5 - 4  

r Z GROWTH vs CYCLE 

1. " - a""" I I 
20 30 40 50 60 70 

CYCLE NUMBER 

F i g u r e  15-6 

163 



F i g u r e  15 -7  

LOT 12 5K LOT 19 5K 
( 0 )  ( b )  

r- 
L ( 2 - 6 0  x 
L 17.50 Y X  

L 1"?0 I" 

L 19-67 I" 

STL 5K 

( C )  

F i g u r e  15-8 

F i g u r e  15-9 Table 15-1 

164 



INITIAL  CAPACITY  CONDITIONING  ON  ELECTROCHEMICAL 
NICKEL HYDROXIDE ELECTRODES 

D. Fritts 
Air Force  Aeropropulsion  Laboratories 

I should like  to  discuss  what  might be causing  the initial 
capacity build that  is  frequently  observed  with electrochemically 
impregnated plates. 

(Figure 16-1) 

The problem  is  that we really do not  know  the  final capacity of a 
given electrode until after 40  or 50 cycles. This, in turn, can 
cause capacity imbalances between the  plates  within  the  cell, and 
between the cells. The  causes are not  known  at present. The pur- 
pose of this investigation is to clarify  the situation. 

I should like  to introduce some new terms that are used by 
electrochemists. For these terms,  conditioning  is defined as  the 
initial cycling where cell capacity is usually unstable. 

C is the capacity obtained during discharge of an electrode 
from fully charged to 0.4V. 

CT is  the  theoretical capacity based on weight  gain after 
formation cycling. 

is  the  total  electrode  strain or  mechanical  strain during 
discharge. 

T is the  theoretical  strain for a fully conditioned elec- 
trode; it is based on empirical data. 

C/CT is the utilization fraction of active material. 

/ T is the strain observed during  conditioning of the cell 
divided by the  strain expected for the fully conditioned elec- 
trode. / T = 1 for no mechanical conditioning. 

The  experimental  approach  that we took was  as follows. First, 
we fabricated gridless  electrodes (no current collector). The 
reason f o r  this  was  to  ensure mechanical homogeneity, so that a 
strain measured in  one  direction would be typical of a strain 
measured in the other directions. 

(Figure 16-2) 
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A n o t h e r  parameter t h a t  was measured ,   wh ich  is a l i t t l e  o u t  of 
t h e   o r d i n a r y ,  was t h e   p l a q u e   h a r d n e s s .   F i g u r e   1 6 - 2   s h o w s   o u r  
h a r d n e s s  t e s t e r .  Here i s  t h e   h a l f - i n c h   d i a m e t e r  b a l l  I was t a l k -  
i n g   a b o u t .   T h e   p l a q u e  i s  s l i p p e d   u n d e r   t h e r e .   E f f e c t i v e l y   t h i s  
w e i g h t   t h e n   d r o p s   o n   t o   t h i s   b a l a n c e  arm, p u t t i n g   o n  lOOg tear  
l o a d .   T h i s   w e i g h t   t h e n   f o l l o w s   p u t t i n g   o n  a 4009 test  l o a d .   T h i s  
LVDT is u s e d   t h e n  t o  m e a s u r e   t h e   d i s p l a c e m e  t i n t o   t h e  plaque. 
The LDVT w i l l  e s s e n t i a l l y  measure a b o u t  lO-:in d i s p l a c e m e n t ,  
which  i s  much more s e n s i t i v e   t h a n   n e c e s s a  y f o r   t h e   d e p r e s s i o n s  
t h a t  we o b s e r v e d ,   w h i c h  a re  a b o u t  2 x 1 0 - 5 i n .   T h e   a p p a r a t u s  i s  
shown i n   F i g u r e   1 6 - 2 .   E s s e n t i a l l y ,  we t o o k  a h a l f - i n c h   d i a m e t e r  
b a l l  and   compressed  i t  i n t o   t h e   p l a q u e ,   a n d   t o o k   t h e   h a r d n e s s  as  
b e i n g   t h e   i n v e r s e   o f   t h e   d i s t a n c e   t h a t   t h e   b a l l   s u n k   i n t o   t h e  
p l a q u e .  

T h e   n e x t   t h i n g  w e  d i d  was t o   e l e c t r o c h e m i c a l l y   i m p r e g n a t e  
t h e s e   p l a q u e s   b y   u s i n g   t h e   P i c k e t t e  process.  We u s e d   5 0 %   e t h a n o l  
s o l u t i o n ,  pH 3 . 5 ,   w i t h   1 0 %   c o b a l t   n i t r a t e   a d d e d  t o  t h e   i m p r e g n a t e d  
s o l u t i o n .  

We u s e d   t h e   c y c l i n g   r e g i m e   f r o m   2 5 %   o v e r c h a r g e  t o  1 0 0 %   d e p t h  
of d i s c h a r g e .   T h i s  was b a s e d   o n   t h e   t h e o r e t i c a l   c a p a c i t y ,   b a s e d  
o n   w e i g h t   g a i n .   T h e   1 0 0 %   d e p t h   o f   d i s c h a r g e  is based   on  a v o l t a g e  
of  0 . 4  v e r s u s   t h e   c a d m i u m   e l e c t r o d e .  We measured   some   o f   t he  
o b v i o u s  parameters: t h e  c e l l  c u r r e n t ,  so  t h a t  w e  c o u l d   d e t e r m i n e  
o u r  amp h o u r s :   t h e   v o l t a g e   o f   t h e   n i c k e l   e l e c t r o d e   v e r s u s   t h e  
cadmium t h i r d   e l e c t r o d e ,  so  t h a t  w e  c o u l d  m a k e  s u r e   t h a t  w e  a r e  
n i c k e l   l i m i t e d ;   a n d   t h e   e l e c t r o d e   g r o w t h   i n   s i t u .  

( F i g u r e   1 6 - 3 1  

The i n   s i t u   g r o w t h   m e a s u r e m e n t s  were a c c o m p l i s h e d   b y   t h i s   s o r t  
o f   s i t u a t i o n .   F i g u r e   1 6 - 3   s h o w s   t h e   g r i d l e s s  plaque,  w i t h  a t a b  
weld a t  t h e   t o p .   T h e  t a b  is  f i x e d   t o   t h e  c e l l  case,  a n d   t h a t  es- 
s e n t i a l l y   b e c o m e s   o u r   f i x e d   p l a n e   f o r  a l l  our   measurements .   From 
t h e   b o t t o m   o f   t h e  plaque i s  t h e   f e r r i t e   c o r e  from a n  LVDT s u s p e n d -  
e d   f r o m   t h a t .   T h e   d i f f e r e n t i a l   t r a n s f o r m e r  i s  s e t  o u t s i d e   t h e  
c e l l ,  and  i t  i n d e e d   p i c k s  u p  w h e r e   t h a t   c o r e  is. A g a i n ,   t h e   m a x i -  
mum s e n s i t i v i t y   o f  a s t r a i n   m e a s u r e m e n t  i s  3 x a b o u t   t w o  
o r d e r s   o f   m a g n i t u d e   g r e a t e r   t h a n   n e c e s s a r y .  

( F i g u r e   1 6 - 4  1 

A c h a r a c t e r i s t i c   s t r a i n   b e h a v i o r   o f   t h e   g r i d l e s s   e l e c t r o d e  i s  
shown i n   F i g u r e   1 6 - 4 .   T h e   t r o u g h s   r e p r e s e n t   s h r i n k a g e   o f   t h e  
e l e c t r o d e ,   a n d   t h e  peaks r e p r e s e n t   g r o w t h .   T h e r e f o r e ,   t h e  e lec-  
t r o d e   d o e s   s h r i n k   o n   c h a r g e .   E s s e n t i a l l y ,   t h e   1 0 0 %   c h a r g e   p o i n t  
i s  i n   h e r e ,   i n d i c a t i n g   t h a t   t h e r e  i s  s o m e   g r o w t h   o n   o v e r c h a r g e .  
We t h e n   g o   t o   t h e  s t a r t  t o   d i s c h a r g e .  I t  w i l l  s t a y   f l a t .   T h i s  
v a r i e s   f r o m  e l ec t rode  t o   e l e c t r o d e .  I t  may s t a y   f l a t   o u t   h e r e  
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until about 40%. Then relatively dramatic  growth  occurs, and then 
charge  process  is  started again., and the  electrode shrinks. The 
properties for this particular electrode are: thickness = 1 mm, 
loading = 1.47  g/cm3 void, plaque hardness = 34.8, plaque 
porosity = 83%. 

(Figure 16-5) 

What  was  the importance of the  hardness parameter that  I put 
there before? 

The  ordinate  shows  the  strain, and the  abscissa the capacity. 
Those  have been removed from the electrode. That  is the strain on 
discharge. This  is  the  discharge  portion of  the cycle. Those  are 
the  data  that we obtained. They are  basically linear. Thus, our 
empirical  fit to that  data, T, is  shown by the dashed lines. 
This  is for the fully-conditioned electrode, by the  way, and not 
in the conditioning part  of the process. 

( Figure 16-6 ) 

Figure 16-6 essentially shows  an  electrode  that  is condition- 
ing. The left-hand ordinate is  effectively  the mechanical condi- 
tioning parameter, and the right-hand ordinate  is  the utiliza- 
tion. Hence, both of these things are conditioning simultane- 
ously. In fact,  the mechanical conditioning  seems to be rather 
more dramatic than the electrochemical conditioning. However, the 
most important point here is  that they both stabilize  at the same 
time.  If I had plotted this for about 100  cycles, those lines 
would be parallel all the way out. 

(Figure 16-7) 

I have three more figures, sililar to  this,  just to show that 
this  sort of mechanical conditioning behavior is repeatable and 
that they both end up going parallel about  the  same time: or, at 
least, that the  capacity becomes stable. 

( Figure 16-8 1 

(Figure 16-91 

We  get  the  same  sort of a  thing, and so we end up in this con- 
tinuous  capacity mechanical conditioning. 

I should like  to make another comment here. These  are grid- 
less  plaques, and the  effect  is much more  dramatic when a grid is 
present, because it adds to additional mechanical  rigidity and the 
electrochemical  conditioning is a slower process under those cir- 
cumstances. I  have  not  shown  that  here  because I have  no  data  to 
give  you ET for this  situation, and so I could not  plot ET. 
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(F igu re   16 -10)  

N O W ,  t a k i n g   t h i s   k n o w l e d g e   a n d   p u t t i n g   t o g e t h e r  a k i n d   o f  
l o g i c   c h a r t ,  w e  a r r i v e  a t  Figure  16-10:   what  w e  have   obse rved ,  
why we t h i n k  we o b s e r v e  it a n d   w h a t   s o r t   o f   c o n c l u s i o n s  we c a n  
a r r i v e  a t .  

The r i g i d  plaque h a s   g r e a t e r   s t r a i n  per amp hour .  We saw t h a t  
t h e   h a r d e r   t h e  plaque, t h e   g r e a t e r  is t h e   s t r a i n   f o r   t h e   a m o u n t  of 
c a p a c i t y   o b t a i n e d   f r o m  it .  T h i s   e f f e c t i v e l y   s a y s   t h e   a m o u n t   o f  
mechan ica l   work   done   by   t he   ac t ive  mater ia l  is r e l a t e d   t o   t h e  amp 
h o u r s  we g e t   o u t   a n d   t o   t h e   r i g i d i t y  of plaque. 

The  s e c o n d   c o n c l u s i o n  i s  t h a t   t h e   r i g i d  plaque h a s   p o o r  u t i l i -  
z a t i o n .   T h i s   c a n  be s e e n  by l o o k i n g  a t  F i g u r e s   1 6 - 6   t o   1 6 - 9 .  
E f f e c t i v e l y ,   m o r e   m e c h a n c i a l  work i s  r e q u i r e d  per amp hour i n   t h e  
r i g i d   p l a q u e .   T h i s  i s  n o t   t o   i m p l y   t h a t   t h i s   r i g i d   p l a q u e  is ab-  
s o r b i n g   t h a t  much mechan ica l  work o u t   o f   t h e   e s s e n t i a l l y   e l e c t r o -  
c h e m i c a l   c h a r g i n g   p r o c e s s .  I b e l i e v e   t h a t   t h e   r i g i d  plaque is 
e s s e n t i a l l y   l i m i t i n g   t h e   a m o u n t   o f   m o l a r   v o l u m e   c h a n g e   t h a t   t h e  
n i c k e l   h y d r o x i d e   c a n   g o   t h r o u g h ,   e s s e n t i a l l y   s h u t t i n g  down t h e  
d i s c h a r g e   i n  a m e c h a n i c a l   f a s h i o n .  

The t h i r d   c o n c l u s i o n  i s  t h a t   t h e   e l e c t r o d e s   m e c h a n i c a l l y   c o n -  
d i t i o n .   T h a t  was f a i r l y   o b v i o u s   i n   t h e   d a t a   t h a t  show t h a t   a c t i v e  
mater ia l  is d o i n g  work  on t h e   p l a q u e   v i a   m o l a r   v o l u m e .  

The f o u r t h   c o n c l u s i o n ,   p r o b a b l y   t h e   m o s t   i m p o r t a n t ,  is t h a t  
t h e s e  two u t i l i z a t i o n  parameters s t a b i l i z e   t o g e t h e r .   T h i s  implies 
f o r  a g i v e n   c y c l i n g  limits, e s s e n t i a l l y ,   p u t s  less s t r a i n   o n   t h e  
plaque ana   you   cou ld   no t  see a n y   d r a m a t i c   g r o w t h   o n   t h e   e l e c t r o d e .  

DISCUSSION 

DYER: Do you see a c o r r e l a t i o n  a t  l o w e r   l o a d i n g   l e v e l s  
b e t w e e n   t h e   s t r a i n   a n d   t h e   c a p a c i t y ?  

FRITTS: Yes. I ' l l  go  back t o   t h i s   o n e   c h a r t .  

Each of t h e   l i n e s   o n   F i g u r e   1 6 - 5  were e s s e n t i a l l y  s i x  d i f -  
f e r e n t   e l e c t r o d e s  made o u t  of  o n e   p l a q u e  sample, and  each  one was 
l o a d e d   t o  a d i f f e r e n t   l e v e l  s o  t h a t   e a c h   p o i n t   h e r e   r e p r e s e n t s  a 
f u l l  1 0 0 %  d e p t h   o f   d i s c h a r g e .  

HALPERT: Can  you g i v e  u s  o n e   m o r e   d e f i n i t i o n   o f   r i g i d  plaque 
w i t h  limits i n  terms o f   ha rdness   and  s o  on? 

FRI'IITS: T h e   p l a q u e s   t h a t  I have   shown  here  a r e  e f f e c t i v e l y  
v e r y   r i g i d   i n  terms of   what  w e  see commerc ia l ly .   These  plaques 
were f a b r i c a t e d   i n   h o u s e .   T y p i c a l   c o m m e r c i a l  plaque h a s  a h a r d -  
n e s s ,  as I h a v e   d e f i n e d   h e r e ,   t h a t   r u n s   f r o m   a b o u t  24 t o   a b o u t  
3 5 .  These a r e  a t  t h e   v e r y  upper e n d   o f   t h e  s ca l e .  
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I N I T I A L  CAPACITY  CONDITIONING OF 
ELECTROCHEMICAL NI(OH)~ ELECTRODES 

PROBLEM 
D I N I T I A L  CAPACITY BUILD FAEDUENTLY 
OBSERVED. 

rn ACTUAL FINAL CAPACITY OF ELECTRODE 
NOT PREDICTABLE. PART I ,  OCT. 1975 

D CAUSES CAPACITY  IIIBALANCE BETHEEN 
PLATES I N  CELLS AND BETNEE#  CELLS. 

D CAUSES OF CONDITlOIllNG NOT 
FULLY EXPLORED. CYCLES 

a P I  CKETT 

10 -20 so 

INVESTIGATE MECHANISM OF I N I T I A L  
CAPACITY  CONDITIONING 

F i g u r e  16-1 

Figure  16-2 
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MAXIMUM S E N S I T I V I T Y  
OF STRAIN P'EASUREtlENT = 3 x 

F i g u r e  16-3 

BEHAVIOR 5 GRIMSS ELECTRODE 
CWR T E R l S T l C  STRAIN 

ELECTRODE  PROPERTIES 

THlCWESS h 
L W D I N G  1.47 a s l c c  WID 
P L A N E  HARDNESS 33.8 
PL40UE POROSITY 8 3  

F i g u r e  16-4 
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CRAP4CTEPISlIC  CAPACITY AND STRNII  C@tlDIll@lll!iG 
ELECTPO?: *3, H ~ 3'4.8. L : 1.47 G W C C  VOID 

F i g u r e  16 -8  

CHAQICTED.ISTIC CAPACITY i ' l0 S I S A l ' i  Clll3lllnYl~46 
ELECTRODE 1'4. H = 3'4.3, L = 1.34 G W C C  VOID 
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F i g u r e  1 6 - 9  
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O B S E R v P T l a l S  

1. RIGID P U W E  HAS GREATER 
S T R A I N  PER M P - H R .  rrs 

2. R I G I D  PLAOUE  HAS POOR 
UTIL lZATION.  D 
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EXPANSION OF THE N I C K E L  ELECTRODE 
H.  L i m  

H u g h e s   A i r c r a f t  

B e f o r e   g o i n g   i n t o   t h e   d e t a i l s   o f   n i c k e l   e l e c t r o d e   e x p a n s i o n  
s t u d i e s ,  I s h o u l d  l i k e  t o  t e l l  y o u   b r i e f l y   a b o u t   o u r   p r o g r a m .  We 
h a v e   a n   o n g o i n g   p r o g r a m ,   t h e   b a t t e r y   s t u d y .  I ts  o b j e c t i v e  i s  t o  
u n d e r s t a n d   t h e   f a i l u r e   m e c h a n i s m   o f   n i c k e l  cadmium  and n i c k e l  
hydrogen ba t te r ies .  The   p rog ram  s t a r t ed   a round   1974 ,   and  w e  
t h o u g h t   t h e  weakest c o m p o n e n t   o f   t h e   n i c k e l  cadmium b a t t e r y  a t  
t h a t  time was t h e   n y l o n   s e p a r a t o r .   T h e r e f o r e ,  we s t a r t e d  a s t u d y  
o f   t h e   s t a b i l i t y   o f   t h e   n y l o n   s e p a r a t o r ,   a n d  we f o u n d   t h a t   t h e  
s e p a r a t o r  is n o t  s t a b l e .  The   nex t   phase   o f   t he   p rog ram was t o  
d e v e l o p  a s t ab le  separa tor  f o r   n i c k e l  cadmium  and n i c k e l   h y d r o g e n  
b a t t e r i e s .  We d e v e l o p e d   s e v e r a l  new s e p a r a t o r s   t h a t  a re  s t a b l e   i n  
KOH e l e c t r o l y t e .  One of o u r   c o l l e a g u e s ,   S c o t t   V e r z w y v e l t ,  w i l l  
descr ibe  o n e   o f   t h e   s e p a r a t o r s  l a t e r  t h i s   m o r n i n g .  

The next   p roblem is  t h e  c e l l  f a i l u r e  mechanism i n   t h e   n i c k e l  
e l e c t r o d e  area.  My t a l k  desc r ibes  a p a r t  o f   t h e   n i c k e l   e l e c t r o d e  
s t u d i e s ;  t h e   p r o g r a m  is  st i l l  i n   p r o g r e s s .  

One o f   t h e   d i f f i c u l t i e s   i n   s t u d y i n g   n i c k e l   e l e c t r o d e  
expans ion  s t u d i e s  i s  t h e  timescale. A s  you  know, t o   o b s e r v e  a 
r easonab le   amoun t   o f   expans ion ,  w e  n e e d   m o n t h s   o r   y e a r s   i n  a c t u a l  
b a t t e r i e s .  T h e r e f o r e ,  we d e v i s e d   t h e   t e c h n i q u e   o f   w h a t  w e  c a l l  
t h e   e l e c t r o d e   b e n d i n g   e x p e r i m e n t ,   w h i c h  i s  shown i n   F i g u r e   1 7 - 1 .  

( F i g u r e   1 7 - 1 )  

We have  a f l o o d e d   p l e x i g l a s s  c e l l  w i t h  a s a m p l e   e l e c t r o d e .  
T h i s  i s  a GE f o i l  s u b s t r a t e .  A c t i v e  mater ia l  i s  t a k e n   o f f   t h e  
s a m p l e   e l e c t r o d e  on o n e   s i d e ,   a n d   l e f t   o n l y   o n   t h e   o t h e r   s i d e   w i t h  
a cadmium c o u n t e r   e l e c t r o d e .  

W i t h  t h i s   c o n f i g u r a t i o n ,   i f   t h e   a c t i v e  mater ia l  e x p a n d s ,   t h e  
e l e c t r o d e  w i l l  bend  convex -- c o n c a v e   t o w a r d s   t h i s   d i r e c t i o n .  
T n i s   v e r y  small bend ing  may b e   e a s i l y   d e t e c t e d   w i t h   l i g h t   d e f l e c -  
t i o n .   I n   t h i s  case w e  used  a laser  beam t o   p r o j e c t  i t  o n   t h e  
s c r e e n   t h r o u g h  a m i r r o r   a t t a c h e d   o n   t h e   e l e c t r o d e .  We c a n   t h u s  
make a v e r y   s e n s i t i v e   m e a s u r e m e n t  of  a v e r y  small expans ion .  The 
e l e c t r o d e   s a m p l e  we used i s  a s t a n d a r d  GE c h e m i c a l l y   i m p r e g n a t e d  
e l e c t r o d e .  We u s e d  23.7% KOH s o l u t i o n .  

( F i g u r e   1 7 - 2 )  

When we look  a t  t h e   s i n g l e   c h a r g e - d i s c h a r g e   b e h a v i o r ,  w e  found 
t h a t   d u r i n g   t h e   c h a r g e ,   t h e   a c t i v e  mater ia l  c o n t r a c t s   f r o m   t h e  
f u l l y   d i s c h a r g e d   e l e c t r o d e  as shown i n   F i g u r e   1 7 - 2 ;   t h i s  i s  
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s l i g h t l y   d i f f e r e n t  from t h a t  shown  by Mr. F r i t t s .  We d i d   n o t   o b -  
s e r v e  a bump h e r e .  My g u e s s  i s  t h a t   o w i n g  t o  t h e   e l e c t r o l y t e   c o n -  
c e n t r a t i o n   d i f f e r e n c e ,  we u s e d   2 3 . 7 %   b y   a c c i d e n t ;  w e  i n t e n d e d  t o  
u s e  31%, b u t  when we p r o c e e d e d   w i t h   h a l f  of t h e   e x p e r i m e n t ,  w e  
f o u n d   o u t   t h e r e  was some c a l c u l a t i o n  mistake,  and  s o  we j u s t  pro- 
c e e d e d   w i t h   2 3 . 7 %   s o l u t i o n .  We are  i n t e n d i n g  t o  s t u d y  a concen-  
t r a t i o n   e f f e c t .   D u r i n g   d i s c h a r g e ,   t h e   e l e c t r o d e   e x p a n d s .  

( F i g u r e   1 7 - 3 )  

When we look a t  t h e   c o n t i n u o u s   c y c l e   b e h a v i o r   ( F i g u r e   1 7 - 3 ) ,  
t h e   e n d  of c h a r g e   d e f l e c t i o n  was almost t h e  same f o r  e a c h   c y c l e ,  
b u t   t h e   e n d   o f   d i s c h a r g e   d e f l e c t i o n  i s  c o n t i n u a l l y   c h a n g i n g .  We 
e x p e c t   t h a t   d u r i n g   c h a r g e   a n d   d i s c h a r g e   t h e   a m p l i t u d e   s h o u l d  re- 
m a i n   t h e  same, b u t   b e c a u s e   d u r i n g   t h e   s h r i n k a g e   t h e   p l a q u e  res i s -  
t a n c e  may n o t  go down f u l l y ,  it o n l y   s h o w s   u p   o n   t h e   d i s c h a r g e   e n d  

When we p l o t t e d   t h i s   d i s c h a r g e   d e f l e c t i o n   v e r s u s  a number  of  
c y c l e s   o n  a l o g  scale ,  we f o u n d  a g o o d   l i n e a r   r e l a t i o n s h i p .  When 
w e  d i s c a r d   t h e   d a t a   p o i n t s ,   r o u g h l y   b e l o w  20 c y c l e s ,   t h e   l i n e a r  
c o r r e l a t i o n   f u n c t i o n  is b e t t e r  t h a n   0 . 9 9   f o r  a l l  t h e s e   c u r v e s  a t  
t h e   v a r i o u s   d e p t h s  of  d i s c h a r g e .  

( F i g u r e   1 7 - 4  

When w e  p l o t t e d   t h e   b e n d i n g  a g a i n s t   t h e  number of c y c l e s ,  w e  
d e f i n e d   t h e  s lope o f   t h i s   c u r v e  as a r a t e  o f   b e n d i n g   ( F i g u r e   1 7 - 4 ) .  

( F i g u r e   1 7 - 5 )  

When w e  p l o t t e d   t h e  r a t e  of b e n d i n g   a g a i n s t   t h e   d e p t h   o f  d i s -  
c h a r g e   o n  a l o g / l o g   s c a l e ( F i g u r e   1 7 - 5 1 ,  w e  f o u n d  a g o o d   l i n e a r  
r e l a t i o n s h i p ,   w i t h  a s l o p e   o f  2 . 2 .  We h a v e   n o   e x p l a n a t i o n   f o r   t h e  
2 .2 ,   bu t   wha t  i s  i m p o r t a n t  i s  t h e   l i n e a r   r e l a t i o n s h i p   b e t w e e n   t h i s  
b e n d i n g  r a t e  a n d   t h e   d e p t h   o f   d i s c h a r g e .   T h e r e f o r e ,  when we know 
t h e   r a t e   o f   b e n d i n g  a t  o n e   d e p t h  of d i s c h a r g e ,  w e  s h a l l   b e   a b l e   t o  
e x t r a p o l a t e   t o   f i n d   t h e   b e n d i n g  r a t e  a t  a n o t h e r   d e p t h   o f  d i s -  
c h a r g e .   A l s o ,  a l l  t h e s e   e x p e r i m e n t s  t a k e  o n l y   a b o u t  a w e e k  
i n s t e a d  of m o n t h s   o r   y e a r s   i n   t h e   a c t u a l   b a t t e r y   o b s e r v a t i o n .  

We a re  s p e c u l a t i n g   a b o u t  two d i f f e r e n t   e x p a n s i o n   m e c h a n i s m s .  
One is t h e   o x y g e n   b u b b l e   p r e s s u r e .  When a n   o x y g e n   b u b b l e  forms 
i n s i d e  a c a p i l l a r y   i n   t h e   a c t i v e  ma te r i a l ,  t h e  maximum b u b b l e  
p r e s s u r e   d i f f e r e n c e  is d e p e n d e n t   o n   t h e   r a d i u s   o f   t h e   c a p i l l a r y .  
I t  i s  t h e r e f o r e   p o s s i b l e ,   i f   t h e  maximum p r e g s u r 5  i s  r e a l l y   o b -  
t a i n a b l e   i n   t h e   b a t t e r y ,   t o   g e t   1 . 7 - 6 . 9  x 1 0  N/m (25-100 p s i )  
o r   g r e a t e r .   H o w e v e r ,   i f   t h e   o x y g e n   b u b b l e   p r e s s u r e   i n c r e a s e s ,   t h e  
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solubility of  oxygen  in the KOH is  growing, and  if the  solubility 
goes  up,  the  rate of diffusion  from  the bubble to the  outside  will 
be high. We are  fairly  sure  this kind of  pressure is  not reached, 
actually observed in the battery. But  this kind of mechanism is 
not totally ruled out  at  this point. 

(Figure 17-7) 

Another speculated  mechanism  is  the  density change. It is 
reported that  the  density of active material in the charge  state 
is 4.6, and in the  discharge  state  is 4.16. Hence,  there is a 
sizable  density  change  during  charge and discharge. If  the  active 
materials shrink and expand  reversibly, you would expect  the  per- 
manent expansion of  the active material. However, there is at 
least  one  mechanism  you  can think of. 

Figure 17-7 shows the nickel sinter and is a  mass  of  active 
material. That  is  not  a  single  crystal,  but  a  polycrystalline 
structure. During  charge, if the active  material  particles shrink 
and one  of the particles  changes  configuration  from  this  position 
sideways,  the  next time it expands  one  of the particles  has  to 
move out  of  the plane. Because  of  the  resistance of the  sinter, 
the weakest  point to move out is in the direction A ,  and  it will 
expand there. At  this  point,  we think this is the most likely 
mechanism. 

DISCUSSION 

FOUGERE: You have talked about  expansion  during  charge and 
discharge. Are you  considering  overcharge? 

LIM: Yes, but not in this case. We  do not have the data on 
overcharge in the figures. We  are  planning to do  some experiments 
to find out the effect  of overcharge. We should like to vary only 
the  overcharge  portion, leaving the other part constant. However, 
we have  not  yet reached that point. 

S E I G E R :  The  gas  bubbles  that  are  coming  off  the  electrode 
towards the end of  charge, are  they  uniform, or do they come off 
from  discrete points? 

LIM: Visually they  are coming out  from  almost  everywhere in 
the electrode  in  that geometry. However,  with the electrode  that 
has active material on both sides? initially the bubble comes  from 
the  front  side,  which is facing the counterelectrode, and starts 
from the rear  side. I think the front side is always heavier. 

Other than  that, we observed  no other spatial distribution. 
That  is  just a  visual observation. 
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MAURER: We f o u n d   t h e   l o t - t o - l o t   v a r i a t i o n   o n   t h e   g r o w t h  r a t e  
is much l a r g e r   t h a n   w h a t   y o u   f i n d   f r o m   e v e n   t h e   d e p t h  o f  d i s -  
c h a r g e .  Have y o u   s t a r t e d   t o   l o o k  a t  t h a t   v a r i a t i o n   t o  see which 
o f   t h e s e  parameters change,   whether  i t  is  t h e   s l o p e  of t h a t   l i n e  
of r a t e  o f   b e n d i n g   v e r s u s   d e p t h   t h a t   c h a n g e s ,   o r  some o t h e r  p a r t  
of i t ?  

LIM: I am aware o f   t h a t   p r o b l e m .  We are  t r y i n g   t o   a v o i d  i t  
b y   s t a y i n g   i n   t h e  same l o t .  A l l  t h e s e   e l e c t r o d e s  are  f r o m   t h e  
same l o t ,   b u t   t h i s  i s  n o t   t h e  same l o t   o r  same e l e c t r o d e .  A s  you 
can  see, w e  c a n   c o u n t  1 4  d a t a   p o i n t s .  Some o f   t h e   p o i n t s  a r e  from 
t h e  same e l e c t r o d e .  We t o o k   o u t   t h e  same spec imen.  We c a n  m a k e  
f o u r   s p e c i m e n s   f r o m   o n e   e l e c t r o d e .   T h e s e  a r e  t h u s   n o t   f r o m   t h e  
same e l e c t r o d e .   H o w e v e r ,   t h e   l i n e a r   c o r r e l a t i o n   f u n c t i o n  we have  
h e r e  is b e t t e r   t h a n  0 .99 .  T h e r e f o r e ,  we d o   n o t   h a v e   e l e c t r o d e -  
t o - e l e c t r o d e   v a r i a t i o n .   T h i s  i s  a r a t h e r   s u r p r i s i n g   l i n e a r i t y ,  
b u t  w e  d o   n o t   h a v e   l o t - t o - l o t   v a r i a t i o n   d a t a   h e r e .  

RIlTERMAN: I s h o u l d  l i k e  t o   p o i n t   o u t   t h a t  if you  have a 
l o t - t o - l o t   p l o t ,   t h e   s e n s i t i v i t y   t o   t h a t  is s o m e w h a t   l i m i t e d ,  re- 
g a r d i n g   y o u r   s t a t e m e n t   a b o u t   l i n e a r i t y .  

LIM: We d i d   n o t   a n a l y z e   m a t h e m a t i c a l l y   w h a t   t h e   v a r i a t i o n  
means.   However,   looking a t  F i g u r e   1 7 - 5 ,   t h e   m a t h e m a t i c a l  arm o f  
t h a t  i s  e x a c t l y   i n   t h e  same form  of P a t  M c D e r m o t t ' s   a n a l y s i s   f o r  
DOD dependence .   Th i s  i s  a n   e x p o n e n t i a l  DOD. T h e r e f o r e ,  we were 
t r y i n g   t o   f i t   i n   t h a t   f o r m  -- o r   l o g   v e r s u s   l i n e a r  -- b u t  i t  came 
o u t   l i n e a r   t o   a b o u t   t h i s   p o i n t .   H o w e v e r ,   f o r   t h e   h i g h e r   d e p t h   o f  
d i s c h a r g e  area it d i d   n o t  f i t .  T h i s   l o g / l o g  s ca l e  f i t s  much 
b e t t e r .  

ROGERS: I wonder  whether i n   t h e   r e l a t i o n s h i p   o f   v o l t a g e   t o  
p ressure ,  t h e   o v e r v o l t a g e   r e q u i r e d   w o u l d  cause t h e   o x y g e n   t o   b e  
g e n e r a t e d  a t  t h e   s u r f a c e   i n s t e a d   o f   i n s i d e  a small c o r e ,   b e c a u s e  
the   vo l t age   wou ld   be   a round  6 0 ,  70mV f o r   t h e   h i g h  pressure you 
sugges t ed ,   wh ich  is u n l i k e l y   t o   o c c u r   d e e p  down i n s i d e   a n  e lec-  
t r o d e  when t h e   s u r f a c e  is a v a i l a b l e   f o r   o x y g e n   g e n e r a t i o n .  

LIM: C e r t a i n l y   t h a t   p l a y s  a r o l e   i n   r e a c h i n g   t h e   e q u i l i b r i u m  
p r e s s u r e .  I t h i n k   t h a t  is p r o b a b l y   o n e  of t h e   r e a s o n s  why t h e  
e q u i l i b r i u m   p r e s s u r e   d o e s   n o t   r e a c h ,   w h a t ' s   c l o s e   t o   e q u i l i b r i u m  
pressure.  I t h i n k   y o u   a r e   a b s o l u t e l y   r i g h t   t h a t   t h e   o x y g e n   e v o l u -  
t i o n  is c o n c e n t r a t e d  a t  t h e   s u r f a c e   b e c a u s e   o f   t h e   o h m i c   d r o p   i n  
t h e  l a t e s t  s t a t e  o f   c h a r g e .  
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THE CMG N I C K E L  ELECTRODE 
R.A. DePau l  and I .  G u t r i d g e  

MPD C o r p o r a t i o n  

I s h o u l d  l i k e  t o   i n t r o d u c e ,   t o   t h o s e   o f   y o u  who a re  n o t  a l -  
r e a d y  aware o f  i t ,  a new n i c k e l   e l e c t r o d e   c a l l e d   t h e   C o n t r o l l e d  
Microgeometry (CMG) e l e c t r o d e .  I t  i s  a p r o d u c t   o f   b a t t e r y  re- 
s e a r c h  a t  Inco ' s   European   Resea rch   and   Deve lopmen t   Cen te r   i n  
Brimingham, UK.  I t  h a s   b e e n   d e v e l o p e d   t o   t h e   s t a g e   o f  small scale 
p r o d u c t i o n   a n d ,   s i n c e   e a r l y   t h i s   y e a r ,   h a s   b e e n   c o m m e r c i a l l y  
a v a i l a b l e   f r o m  MPD T e c h n o l o l g y   b o t h   i n   E u r o p e   a n d   t h e  U.S.  MPD 
Technology is t h e  company s e t  up  b y   I n c o   t o   c o m m e r c i a l i z e  new 
p r o d u c t s   r e s u l t i n g   f r o m   r e s e a r c h   a n d   d e v e l o p m e n t .  

I n   t h i s   p r e s e n t a t i o n  I f i r s t  want t o   d e s c r i b e   t h e   c o n c e p t   o f  
t h e  CMG e l e c t r o d e   a n d  i t s  a d v a n t a g e s   o v e r   t h e   m o r e   c o n v e n t i o n a l  
t y p e   o f   e l e c t r o d e ,   a n d   t h e n   t o   p r e s e n t  some r e s u l t s  t h a t  w e  have  
a c h i e v e d   w i t h  CMG e l e c t r o d e s   i n   n i c k e l  cadmium ce l l s .  

( F i g u r e   1 8 - 1 )  

F i g u r e   1 8 - 1   s h o w s   d i a g r a m a t i c a l l y   t h e   c o n s t r u c t i o n  o f  t h e  CMG 
e l e c t r o d e .   T h e  bas i c  e l emen t  is v e r y   t h i n   p e r f o r a t e d   n i c k e l  
f o i l .  The p e r f o r a t i o n s   i n   t h e   f o i l   a r e   b o t h  accurate  and  regu-  
l a r .  Each f o i l  i s  c o a t e d   e i t h e r   o n   o n e  s i d e  o r   b o t h  s ides  w i t h  a 
l a y e r   o f   n i c k e l   h y d r o x i d e   a c t i v e   m a t e r i a l ,   l e a v i n g   t h e   h o l e s  
c l e a r .  An e l e c t r o d e  is p r o d u c e d   b y   s t a c k i n g   f o i l s   t o g e t h e r ,  
u s u a l l y  20-100 f o i l s ,  s o  t h a t  a l l  t h e  small h o l e s   a r e   i n   r e g i s -  
t e r .  There  is t h u s  a s a n d w i c h - l i k e   c o n s t r u c t i o n   o f   f o i l / a c t i v e  
m a s s / f o i l ,   w i t h   c y l i n d r i c a l   c h a n n e l s   p a s s i n g   t h r o u g h   t h e  e lec-  
t r o d e s .  

The n e x t   t w o   f i g u r e s  show a c t u a l  e l e c t r o d e s .  

( F i g u r e   1 8 - 2 )  

F igu re   18 -2   shows   an   o rd ina ry   v i ew  o f  a CHG e l e c t r o d e .  

( F i g u r e   1 8 - 3 )  

Figure  18-3  shows  an  expanded  view.   There a r e  t w o   d i f f e r e n t  
p a t t e r n s   o f   h o l e s ;   t h e i r   s i g n i f i c a n c e  w i l l  appea r  l a t e r .  

I t  i s  i m p o r t a n t   t o   g e t  a f e e l   f o r  some o f   t h e   n u m b e r s   i n -  
v o l v e d .   T y p i c a l   v a l u e s   f o r   t h e  c r i t i c a l  d i m e n s i o n s   o f   t h e  elec- 
t r o d e  a r e  as f o l l o w s :   t h e   f o i l   t h i c k n e s s  is a b o u t  4 m;  t h e   a c t i v e  
mass t h i c k n e s s  is 60 m ,  a b o u t   1 5  times t h e   f o i l   t h i c k n e s s ;   t h e  
h o l e   d i a m e t e r  is a b o u t  0.5mm, t h e   e d g e - t o - e d g e   h o l e   s p a c i n g  is 
a b o u t  0.75mm; t h e   a v e r a g e   p e r f o r a t e d  area is  1 5 % ,   a n d   t h e  elec- 
t r o d e   t h i c k n e s s  i a  a b o u t  3mm. 
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( T a b l e  18-1 ) 

T a b l e   1 8 - 1   s h o w s   t h e   c h a r a c t e r i s t i c s  of a t y p i c a l   e l e c t r o d e  
tha t  we a r e . c u r r e n t l y   p r o d u c i n g .   T h e   i m p o r t a n t   t h i n g   t o   n o t e  i s  
t h e   r a t i o   o f   a c t i v e  mass t o   f o i l ,   w h i c h  i s  someth ing   ove r   2 .5 : l .  

One a d v a n t a g e   o f   s u c h  a c o n s t r u c t i o n   t h a t  w i l l  have  been  ob- 
v i o u s   f r o m   T a b l e  18-1 i s  a h igher   number   o f  ampere h o u r s  per k i l o -  
gram. A t y p i c a l   s p e c i f i c   c a p a c i t y   f o r  a CMG e l e c t r o d e  is 
190A h/kg  and 350A h / l .  The b e s t  f i g u r e s   o b t a i n e d   t o   d a t e  a r e  
220A h/kg  and 450A h / l .  I t h i n k   y o u  w i l l  a g r e e   t h a t  140A h/kg  and 
450A h / l   w o u l d   r e p r e s e n t  a f a i r l y   g o o d   s i n t e r e d   e l e c t r o d e .  The 
m a i n   r e a s o n   f o r   t h i s   i m p r o v e m e n t  i s  t h a t  we are u s i n g   t h i s   v e r y  
t h i n   n i c k e l   f o i l   s u b s t r a t e ,   w h i c h   c o m b i n e s   l o w   w e i g h t   w i t h   g o o d  
s t r e n g t h   a n d   c o n d u c t i v i t y .   W h e r e a s  a t y p i c a l   r a t i o   f o r  a medium 
l o a d e d   s i n t e r e d   e l e c t r o d e  may be equal w e i g h t s   o f   a c t i v e  mass t o  
s u p p o r t ,  we have  a r a t i o   o f   b e t w e e n   2 : l   a n d   3 : l .  

T h e   s e c o n d   a d v a n t a g e   o f   t h i s   c o n s t r u c t i o n  is r e a l l y   w h a t   l e d  
t o   t h e   c o i n i n g   o f   t h e  name " c o n t r o l l e d   m i c r o g e o m e t r y . "  A l l  t h e  
p a r a m e t e r s   t h a t   c o n t r o l   t h e   p e r f o r m a n c e   o f   t h e   e l e c t r o d e   ( t h e   s i z e  
o f   t h e   h o l e s ,   t h e   d i s t a n c e   b e t w e e n   t h e   h o l e s ,   t h i c k n e s s   o f   t h e  
f o i l ,   t h i c k n e s s   o f   t h e   a c t i v e  mass, t h e   p o r o s i t y   a n d   c o m p o s i t i o n  
o f   t h e   a c t i v e  mass) c a n   b e   i n d i v i d u a l l y   c o n t r o l l e d   o v e r  a wide 
r a n g e .   T h e r e f o r e ,   t h e   e l e c t r o d e  may be d e s i g n e d   t o   g i v e   t h e   o p t i -  
mum p e r f o r m a n c e   f o r  a g i v e n   d u t y   c y c l e .   T h e   p u r p o s e   o f   t h e   d e s i g n  
may be h i g h   e n e r g y   d e n s i t y   o r   h i g h  r a t e  pe r fo rmance .  To i l l u s -  
t r a t e  t h i s ,   F i g u r e   1 8 - 4   s h o w s   t h e   e f f e c t   o f   c h a n g i n g   t h e   p a t t e r n  
of h o l e s .  

( F i g u r e  18-4 ) 

Two 24A h e l e c t r o d e s  a r e  shown.   In  one,  t h e   a r e a   o f   h o l e s  is 
1 3 % .   I n   t h e   s e c o n d  it is  20%. When t h e   e l e c t r o d e s  a r e  d i s c h a r g e d  
a t  t h e  C/5 r a t e ,  t h e r e  i s  l i t t l e  d i f f e r e n c e   b e t w e e n   t h e   t w o  elec-  
t r o d e s ,  as shown  by c u r v e s  1 and 2. However, when t h e   d i s c h a r g e  
r a t e  is i n c r e a s e d   t o   t h e  2C r a t e ,  t h e n   t h e   e l e c t r o d e   w i t h   t h e  
f i n e r  20% h o l e   p a t t e r n   s h o w s  a marked   improvemen t   bo th   i n   capac i ty  
a n d   d i s c h a r g e   v o l t a g e .  

F igure   18-4  j u s t  s h o w s   t h e   e f f e c t   o f   t w o   d i f f e r e n t   h o l e  pa t -  
t e r n s .  When y o u   c o n s i d e r   t h a t  we c a n   v a r y   t h e   h o l e   a r e a   f r o m  5 t o  
4 5 %   a n d   t h e   h o l e   d i a m e t e r   f r o m  0 . 4  t o  l m m ,  I t h i n k   y o u  w i l l  app re -  
c i a t e  t h a t  we h a v e   s c o p e   t o   d e s i g n   f o r   w i d e l y   d i f f e r e n t   d i s c h a r g e  
p r o f i l e s .   I n   f a c t ,   t h e   e x a m i n a t i o n   a n d   o p t i m i z a t i o n   o f   t h i s  
aspect o f   e l e c t r o d e   d e s i g n  is t h e  s u b j e c t  o f  a Department   of  
E n e r g y   c o n t r a c t   t h a t   h a s   r e c e n t l y   b e e n   a w a r d e d   t o   t h e   I n c o  R&D 
c e n t e r .  

The t h i r d   s i g n i f i c a n t   a d v a n t a g e   o f  CMG e l e c t r o d e s  i s  t h e  
a b i l i t y   t o  m a k e  them  over  a w i d e   t h i c k n e s s   r a n g e .   C o n v e n t i o n a l  
e l e c t r o d e s  are u s u a l l y   l i m i t e d   e i t h e r   b y  p r a c t i c a l  or  by  economic 
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c o n s i d e r a t i o n s   t o  a t h i c k n e s s   r a n g e   o f   a b o u t   0 . 5 - 3  mm. CMG elec- 
t r o d e s  may be  made b y   u s i n g  j u s t  a few f o i l s ,   o r   u p   t o   a b o u t  1 4 0  
f o i l s   t o   g i v e   a n   e l e c t r o d e  6mm t h i c k .  We h a v e   a n   e l e c t r o d e   t h a t  
i s  36mm t h i c k ,  15cm  by  30cm, w i t h  a c a p a c i t y   o f   j u s t   o v e r  l O O A  h 
f o r  a s i n g l e   e l e c t r o d e .   T h i c k   e l e c t r o d e s   h a v e   o b v i o u s   b e n e f i t s  
f o r   h i g h   e n e r g y   d e n s i t y   m o d e r a t e  r a t e  b a t t e r i e s ,   w h e r e a s   t h e  
a b i l i t y   t o  make  an  e l e c t r o d e ,   s a y ,  0.2mm th ick   combined   w i th  
o p t i m i z a t i o n   o f   h o l e   p a t t e r n   o f f e r s   t h e   s c o p e   f o r   v e r y   h i g h  
d i s c h a r g e  ra tes ,  i n   t h e  1 0 0  C r a n g e .  

So much f o r   t h e   i d e a .  Does it work? 

D u r i n g   t h e   r e s e a r c h   a n d   d e v e l o p m e n t  work o n   t h i s   e l e c t r o d e ,  we 
have  made a n d   t e s t e d   s e v e r a l   t h o u s a n d   e l e c t r o d e s ,   a n d   t h e   p r o p e r -  
t i e s  I have   quo ted  s o  f a r  are  based   on  t e s t  r e s u l t s  o f  many 
h u n d r e d s   o f   e l e c t r o d e s .   H o w e v e r ,  tests o n   s i n g l e   e l e c t r o d e s  a r e  
o f   l i m i t e d   i n t e r e s t ,   a n d  s o  I s h o u l d  now l i k e  t o  show  some r e s u l t s  
a c h i e v e d   i n  ce l l s .  I s h a l l   c o n c e n t r a t e   o n   n i c k e l  cadmium c e l l s ,  
s i n c e  I b e l i e v e   t h e y  are  o f   m o s t   i n t e r e s t   t o   t h i s   a u d i e n c e ;  how- 
e v e r ,   t h e   e l e c t r o d e s   c a n   a n d   a r e   b e i n g   u s e d   i n   b o t h   n i c k e l   i r o n  
a n d   n i c k e l   z i n c   s y s t e m s .  

The n e x t   f e w   f i g u r e s  show t h e  r e s u l t s  o f   l a b o r a t o r y  t es t s  i n  
n i c k e l  cadmium c e l l s  u s i n g  CMG n i c k e l   e l e c t r o d e s   a n d   c o m m e r c i a l l y  
a v a i l a b l e   s i n t e r e d  cadmium e l e c t r o d e s .   T h e s e   r e s u l t s  were f i r s t  
p u b l i s h e d   i n  a p a p e r   p r e s e n t e d  by D r .  Tu rne r   f rom  the   Inco  R e -  
s e a r c h   L a b s  a t  t h e   r e c e n t  Power S o u r c e s  Symposium i n   B r i g h t o n .  

(Table   18-2)  

Three c e l l s  were b u i l t ,   a n d   t h e   c o n s t r u c t i o n s  a re  shown i n  
Table  18-2.   The CMG e l e c t r o d e s   v a r i e d   i n   t h i c k n e s s   f r o m  0.67mm t o  
j u s t  under  2mm. The  cadmium e l e c t r o d e s   w e r e   e i t h e r   0 . 6   o r   0 . 8  mm 
t h i c k ,  and w e  used a number o f   d i f f e r e n t   s e p a r a t o r   s y s t e m s   a n d   t w o  
e l e c t r o l y t e   c o n c e n t r a t i o n s .  

F i g u r e   1 8 - 5   s h o w s   t h e   f i r s t   f e w   c y c l e s   o f   t h e s e  c e l l s .  

( F i g u r e   1 8 - 5 )  

A l l  t h r e e  c e l l s  r e q u i r e   a b o u t   t e n   c y c l e s   t o   r e a c h   f u l l   c a p a c -  
i t y ,   b u t  a s u b s t a n t i a l   p o r t i o n   o f   t h e   c a p a c i t y  is  a v a i l a b i e   a f t e r  
f i v e   c y c l e s .  Cell  A s t a b l i z e d  a t  111% o f   t h e o r e t i c a l   c a p a c i t y  
a f t e r   1 2   c y c l e s .  C e l l s  B and C l e v e l e d   o u t  a t  a b o u t  90% o f   t h e o -  
r e t i ca l  c a p a c i t y   a f t e r   a b o u t   1 5   c y c l e s .  One o f   t h e   d i f f e r e n c e s  
between c e l l  A a n d   t h e   o t h e r  two is t h e   e l e c t r o l y t e   c o n c e n t r a t i o n ,  
which was 3 0 %   i n  c e l l  A a n d   2 0 %   i n   t h e   o t h e r   t w o .  A t  c y c l e  26 i n  
c e l l  C ,  t h e   e l e c t r o l y t e  was c h a n g e d   t o   3 0 %  KOH, a n d   t h e   c a p a c i t y  
r o s e   t o  1 0 0 %  o f   t h e o r e t i c a l .  
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The formation  of  these  cells  was done i n  excess   e l ec t ro ly t e s .  
The c e l l s  were cycled  without a bottom on the   case ,  i n  about 20 
l i t e r s  of e lec t ro ly te .   Af te r   cyc l ing  i n  t h i s  way for  about 50 
cyc les ,  t h e  c e l l s  were removed from the  tank and  bottoms  were 
f i x e d   t o  them. The e l e c t r o l y t e  volume was then 3-7cm3 A h.  

(Figure 18-6)  

Figure 18-6 shows the  next 40  cyc les  of c e l l  A .  I n i t i a l l y   t h e  
c e l l  showed a marked f a l l  i n  capaci ty .  T h i s  h igh l igh t s  an  impor- 
t a n t   f a c t o r  i n  the  use of CMG e lec t rodes .  I t  is necessary w i t h  
t hese   e l ec t rodes   t o   p rov ide   su f f i c i en t   suppor t   t o   t he   e l ec t rode   t o  
prevent  swelling. For t h e   f i r s t  few cyc les  of t h i s  c e l l ,   t h e  
p l a s t i c   c e l l   c a s e  was unrestrained and the  cel l   case  wal l   bulged.  
A t  cycle  70  t h e   c e l l  was clamped  back t o  i t s  original  dimensions 
and see  the  capacity  recovered, showing t h a t  t h i s  l o s s  was not 
permanent. I t  i s  therefore   very  important ,  i n  the  design of c e l l s  
u s i n g  CMG e lec t rodes ,   t o   ensu re   t ha t   su f f i c i en t   p re s su re  i s  exert-  
ed to   maintain  the  e lectrodes w i t h i n  the i r   o r ig ina l   d imens ions .  
T h i s  can be done by des igning   the   ce l l  and ba t t e ry   s t ack   t o  be 
c lose  packed and providing  the  necessary  clamping from the   ba t t e ry  
box. A l t e rna t ive ly  -- and clamping is  not   possible  i n  a l l   c e l l s  
-- for  a f rees tanding   e lec t rode ,   the   separa tor  and e lec t rode  may 
be s t i t c h e d   a t   r e g u l a r   i n t e r v a l s .  A l i t t l e  energy  density i s  
l o s t ,  b u t  fo r  some appl ica t ions  t h i s  approach is most appropriate .  

(Figure 18-7 )  

Figure 18-7 shows the   per formance   of   the   ce l l   a t   d i f fe ren t  
d i scharge   ra tes .  A t  50% of theo re t i ca l   capac i ty  (132A h )  t h e   c e l l  
v o l t a g e   a t  40A d r a i n  i s  1 . 2 6 V ,  f a l l i n g   t o  1 . 2 1 V  f o r  160A d ra in .  
The de l ivered   capac i ty   a t  4 0 A  was 220 ,  f a l l i n g   t o  200A h a t  160A.  

( Figure 18-8 ) 

Figure 18-8 shows the  charge  acceptance ol' one of these 
c e l l s .  The upper  curve shows the  discharge  capacity  expressed i n  
both ampere hours and  ampere hours  per  kilogram  versus  the  charge 
capaci ty .  The lower  curve shows charge  capacity  versus  charge 
f a c t o r .  To maintain a capaci ty  o f  120A h ,  a charge f a c t o r  o f  1 . 0 3  
is necessary,  whereas t o  maintain 1 4 0 A  h a charge  factor of 1 . 1 6  
i s  required.  Conversely, i f  a spec i f i c   ba t t e ry   app l i ca t ion   r e -  
qu i r e s  a maximum overcharge  of,   say,  1 0 %  then  the  design param- 
e t e r s   f o r  t h i s  c e l l  s h o u l d  include  the v a l u e  o f  1 5 5 A  h /kg  for  CMG 
nicke l   e lec t rodes  of t h i s  pa r t i cu la r   cons t ruc t ion .  

That is a quick  survey of t he   so r t   o f   p rope r t i e s   t ha t  we have 
achieved. I s h a l l  summarize them i n  the  next two t ab le s .  

(Table 18-3)  
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U t i l i z a t i o n   o f   t h e  n i c k e l  h y d r o x i d e  is  8 5  - 9 0 %   a f t e r   d e e p  
c y c l i n g   f o r   n e a r l y   3 0 0   c y c l e s ,  as shown i n   T a b l e   1 8 - 4 .  

I hope I have  managed t o  a r o u s e   y o u r   i n t e r e s t   i n   t h i s  e lec-  
t r o d e ,   a n d   t h a t   y o u  may see p o s s i b l e   a p p l i c a t i o n s   i n   t h e  aerospace 
f i e l d .  

DISCUSSION 

SENDERAK: What a r e  t h e  maximum d i s c h a r g e  r a t e s  t h a t   y o u   c a n  
g e t   o u t   o f   t h i s   t y p e  o f  e l e c t r o d e ?  

GUTRIDGE: You c a n   d e s i g n   t h i s   e l e c t r o d e   f o r   v e r y   h i g h  r a t e  
a p p l i c a t i o n s .   T h e   s t a n d a r d   e l e c t r o d e   t h a t  we make (15mm t h i c k ,   1 5  
b y   3 0 1 ,   c a n   e a s i l y   b e   c y c l e d   b e t w e e n  C / 1  and  C/3 r a t e s .   H o w e v e r ,  
w i t h  a h i g h e r  a rea  of  h o l e s   a n d   t h e   r i g h t   h o l e   p a t t e r n ,   y o u   c a n  
m a k e  a t h i n   e l e c t r o d e   w i t h   f e w e r   h o l e s   i n  i t ,  w h i c h   c a n   b e   d i s -  
c h a r g e d  a t  1 5  - 100 c .  T h u s ,   y o u   d e s i g n   t o   d e t e r m i n e   t h e   i n t e r n a l  
r e s i s t a n c e   o f   t h e   e l e c t r o d e ,   a n d   y o u   h a v e   c o n t r o l   o v e r  a l l  t h e  
c r i t i c a l  n u m b e r s   t h a t   y o u   n e e d   t o   d e s i g n   t o   d o   t h a t .  

SENDERAK: W o u l d   y o u   c y c l e   t h e s e  c e l l s  a s  v e n t e d  or s e a l e d ?  

GUTRIDGE:  The results I j u s t  d e s c r i b e d   w e r e   i n   v e n t e d  c e l l s .  

LIM: I h a v e  a r e l a t e d   q u e s t i o n   a b o u t   t h e   r a t e   a n d   t h e   a m o u n t  
of  t h e   e l e c t r o l y t e .  I am n o t  s u r e  w h e t h e r  I m i s s e d   s o m e t h i n g .  
Can   you   comment   about   the   amount  of  t h e   e l e c t r o l y t e   a n d   t h e  r a t e  
c a p a b i l i t y ?  I am a s k i n g   t h e   q u e s t i o n   b e c a u s e   y o u   h a v e   r e l a t i v ? l y  
l a r g e   h o l e s ,   a n d   i f   y o u   a r e   r u n n i n g  t h e  c e l l  i n  s t a r t  t h e   c o n d i -  
t i o n ,  t he re  would  be a r a t h e r   t h i n   e l e c t r o l y t e   c o n n e c t i o n   b e t w e e n  
t h e   a c t i v e   m a t e r i a l   a n d   t h e   s e p a r a t o r  a ~ e a .  

GUTRIDGE: The  numbers  I gave   were   be tween  3 and  7cm3/A h of 
e l e c t r o l y t e   i n  these v e n t e d  ce l l s .  A s  f a r  as t h e   d i s c h a r g e   r a t e  
i n   t h e s e  c e l l s  was c o n c e r n e d ,  w e  went  t o  t h e  2 cm3 r a t e ,  and we 
were a l r e a d y   s t a r t i n g   t o   h a v e   p r o b l e m s   w i t h   t h e   c a d m i u m  elec- 
t r o d e .   T h e r e f o r e ,  we were r e s t r i c t e d   b y   t h a t   i n   t h e  r a t e s  a t  
which  we c o u l d   d i s c h a r g e  t h e  ce l l s .  
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A s  f a r  as t h e  v o l u m e   o f   e l e c t r o l y t e  i s  c o n c e r n e d ,   t h e   p o r o s i t y  
o f   t h e   a c t i v e  mass is  q u i t e  h i g h .  We e s s e n t i a l l y   h a v e   s u f f i c i e n t  
e l e c t r o l y t e   w i t h i n   t h e   c o n f i n e s   o f   t h e   e l e c t r o d e   t o   d i s c h a r g e   o r  
t o   c y c l e  this e l e c t r o d e  a t  modera t e  ra tes .  

ROGERS: Am I r i g h t  i n   t h i n k i n g   t h a t   t h e   a c t i v e  mater ia l  i s  
packed b e t w e e n   t h e  sheets?  

GUTRIDGE : Yes. 

ROGERS: I n   t h a t  case,  as you   men t ioned ,   you   ge t  a p r e s s u r e  
exer ted  d u r i n g   e x p a n s i o n   o f   t h e   a c t i v e  mater ia l s .  What pressure 
are  w e  t a l k i n g   a b o u t ?  Is it s u f f i c i e n t ,   f o r   e x a m p l e ,   t o   f l a t t e n  
t h e  u s u a l  p o l y p r o p y l e n e   o r   f e l t e d   n y l o n   s e p a r a t o r ?  

GUTRIDGE: L e t  m e  m a k e  a comment b e f o r e  I a n s w e r   t h e   q u e s t i o n  
a b o u t   e x p a n s i o n .  We a re  n o t   l o o k i n g  a t  s o m e t h i n g   t h a t  w i l l  
d e s t r o y  t h e  s t r u c u t r e  o f  t h e  e l ec t rode .   However ,   t he   p rob lem  you  
may g e t  i s  t h e   o n e   y o u   m e n t i o n e d .   I f   y o u   d o   n o t  r e s t r i c t  t h e  
d i m e n s i o n s ,   y o u   c a n   p u t  p ressure  o n   o t h e r  p a r t s  of  t h e  c e l l .  

We d e f i n e d  a p r e s s u r e   w h i c h  w e  pressed t h e  e l e c  rod s b e f o r e  
we s t a r t  c y c l i n g  a t  someth ing  l i k e  1 .38  - 2 .76  x 1 0  N/m 
( 2  - 4 p s i ) .  We d o   n o t   h a v e   f i g u r e s   f o r   t h e  pressure t h a t  i s  
l i k e l y   t o   d e v e l o p   i n  a p a r t i c u l a r  c e l l  a r r a n g e m e n t .   T h a t   d e p e n d s  
o n   t h e   d e s i g n   o f   t h e  c e l l .  We t r y   a n d  keep t h e  e l e c t r o d e   w i t h i n  
i ts  d i m e n s i o n s   a n d   p r e v e n t   t h e   s w e l l i n g ,   r a t h e r   t h a n  l e t  it swell 
and see w h a t   h a p p e n s   t o   t h e  c e l l .  

t 5  

ROGERS: I f   y o u   d o  r e s t r i c t  it i n ,   s a y ,   b a t t e r y   d e s i g n  as  we 
d o   i n   a n   a e r o s p a c e   b a t t e r y ,   t h e n   i f   t h e   e l e c t r o d e  swells t h e  sepa- 
r a t o r  mater ia l  i s  g o i n g   t o   f l a t t e n   o u t   a n d   y o u  a re  n o t   g o i n g   t o  
have  a s e p a r a t o r   a n y   m o r e ,   y o u   a r e   g o i n g   t o   h a v e   a l m o s t  a s o l i d  
sheet .  I t  is a n   e x t r e m e  case. 

GUTRIDGE: We h a v e   n o t   s e e n   t h a t   s o r t  of problem. One of  t h e  
c e l l s  t h a t  I have  descr ibed  had o n l y   t w o   l a y e r s   o f   f o u r - m i l   f e l t e d  
ny lon .   Tha t  was t h e   o n l y   s e p a r a t o r   m a t e r i a l .   T h a t  c e l l  per formed 
q u i t e   s a t i s f a c t o r i l y .  

BOWERS: F o r   b a t t e r y  C ,  d i d  t h e   r e p l a c e m e n t   e l e c t r o l y t e   c o n -  
t a i n  l i t h i u m  h y d r o x i d e ?  

GUTRIDGE : Yes. 

BOWERS: Have  you  discharged c e l l s  w i t h o u t   l i t h i u m   h y d r o x i d e  
a d d i t i v e ?  

GUTRIDGE: We have .  We f i n d   t h a t   t h e  number of  c y c l e s   f o r  
f o r m a t i o n  i s  g r e a t e r   i f  l i t h i u m  h y d r o x i d e  i s  n o t   p r e s e n t .  
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LEAR: Table   18-3   up   there   showed  300   cyc les .   Did   you   con-  
t i n u e   c y c l e   t e s t i n g ?  

GUTRIDGE: Yes, t h e s e  c e l l s  are  s t i l l  b e i n g   c y c l e d ,   a n d   t h e y  
are  up  t o  400,  4 5 0  c y c l e s  now. 

MAURER: The f i g u r e s   r a i s e d  a l o t   o f   i n t e r e s t   t o   t h o s e   o f   u s  
who were i n v o l v e d   i n   t h o s e   p r e v i o u s   t h r e e  papers. I n   F i g u r e   1 8 - 6 ,  
w h e r e   y o u   s h o w e d   t h e   c a p a c i t y   f a d i n g   w i t h   c y c l i n g ,   y o u   s a i d   t h a t  
was a r e s u l t  of t h e  c e l l  b u l g i n g :   t h e n   y o u   h a d   t o   s q u e e z e  it down 
and   t he   capac i ty   wen t   back   up .  Why was it b u l g i n g ?  Was it be- 
cause t h e   a c t i v e  mater ia l  was f a l l i n g  o n   t h e   s u r f a c e   a n d   c a u s i n g  
a n   i n c r e a s e  of t h i c k n e s s ,   a n d   t h e n   y o u   s q u e e z e  it back s o  t h a t   t h e  
r e s i s t a n c e   g o e s  down? 

GUTRIDGE: The a c t i v e  mass was growing .  I t  was n o t   a c t u a l l y  
f a l l i n g   o f f   t h e  s t r u c t u r e ,  because  we were a b i e   t o   g e t   t h e   c a p a c -  
i t y   b a c k ,   b u t   y o u   w o u l d   f i n i s h  u p  w i t h  a much l o w e r   d e n s i t y  e lec-  
t r o d e   i f   y o u   d i d   n o t   h o l d  it t o g e t h e r .  

MAURER: Then t h e   a c t i v e  mass i s  a c t u a l l y   i n c r e a s i n g   a n d   y o u  
a r e   a b l e   t o   s q u e e z e  it back?  

GUTRIDGE: Yes. If you  were t o   c o r ~ t i n ~ ~ a l l y   c y c l e   w i t h o u t   h a v -  
i n g  some a p p l i e d   p r e s s u r e ,   y o u   w o u l d  s t a r t  t o   l o s e   a c t i v e  mass. 
However, t h a t  was n o t   w h a t  w e  o b s e r v e d   i n   t h a t   s h o r t  t ime, because  
w e  were a b l e   t o   g e t   t h e   c a p a c i t y   b a c k .  

GARLOCK: Have you   done   any   t empera tu re   work   w i th   t h i s  new 
e l e c t r o d e ?  

GUTRIDGE:  A l l  our  t es t s  have  s o  f a r   b e e n   d o n e  a t  room  temper- 
a t u r e .  

FRITTS: I was w o n d e r i n g   i f   y o u   f o u n d   a n y   p r o b l e m s   w i t h   s e v e r e  
ove rcha rge ,   oxygen  pressure  b e t w e e n   t h e   l a y e r s ?  

GUTRIDGE: No. I n   f a c t ,   t h e   o v e r c h a r g e   t h a t  we have   u sed   i n  a 
l o t   o f   o u r   c y c l i n g  t es t s  is p r o b a b l y  a l o t   h i g h e r   t h a n   y o u   w o u l d  
c h o o s e   t o  use i n   o t h e r   e l e c t r o d e s .  We h a v e   c y c l e d   e l e c t r o d : ? s  at 
6 0 ,  70% o v e r c h a r g e   c o n t i n u a l l y   i n   o u r   e a r l y   e x p e r i m e n t s .  The 
o v e r c h a r g e   t h a t  w e  u s e  now is a s t a n d a r d ,  30% overcharge .   High  
o v e r c h a r g e  is no  problem. 

BOGNER: How d i d   y o u   d e p o s i t   t h e   a c t i v e  mater ia l ,  a n d   d i d  i t  
c o n t a i n   a n   a d d i t i v e  l i k e  c o b a l t ?  

GUTRIDGE: I t  is  d e p o s i t e d  by a s l u r r y   c o a t i n g   m e t h o d .  Y e s ,  
it d o e s   c o n t a i n   c o b a l t .  
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LIGHTWEIGHT  COMPOSITE CADMIUM ELECTRODES 
R. S u t u l a   a n d  W. F e r r a n d o  

Naval S u r f a c e  Weapons C e n t e r  

We a r e   r e p o r t i n g   p r e l i m i n a r y  work  on a cadmium e l e c t r o d e   a n d  i t s  
l i g h t w e i g h t   c o m p o s i t e  cadmium e l e c t r o d e .   T h e  work has   been   done  
o v e r   t h e  l a s t  few  months,   and s o  i s  r e l a t i v e l y  new. I s t r e s s  t h e  
p r e l i m i n a r y   a s p e c t   o f  it. 

( F i g u r e   1 9 - 1 )  

F igu re   19 -1   shows   t he  way w e  m a k e  o n e   o f   t h e s e .   T h i s  i s  
a n o t h e r   a p p r o a c h   t o   m a k i n g   e l e c t r o d e s .  I t  is a s i n t e r e d  e lec-  
t r o d e .  We s t a r t  o u t   w i t h  a t h o r n e l   h i g h l y   g r a p h i t i z e d  mat f i b e r :  
I b e l i e v e   t h i s  was made by  Union  Carbide.  We take t h i s  mat f i b e r  
i n   s e v e r a l   l a y e r s ,   a n d   c o a t  it w i t h  a n   e l e c t r o l u s   n i c k e l   c o a t i n g .  
The c o a t e d  mat m a t e r i a l  i s  c a l l e d  a composi te .   Then w e  p lace it 
on a s c r e e n ,   p u t  i t  under  ct>mpres;.;;Lorl .s i~~i:,>f i I : .  . .  

The s c r e e n  we a r e   u s i n g  i s  v e r y   p r i m i t i v e  a t  p r e s e n t .  I t  jni-;t 
c o n s i s t s   o f   s t r i p s   o f   n i c k e l  wire.  A f t e r  s i n t ~ ~ r - i n g ,  we c a l l  it 
t h e   g r a p h i t e   c o m p o s i t e   p r e c u r s o r .   T h e n  we a c t i v a t e  i t  by u s i n g  
t h e  P icke t t e  m e t h o d   o f   a c t i v a t i o n ,   w i t h  a 2M cadmium n i t r a t e   s o l u -  
t i o n   w i t h  50% e t h a n o l   a n d   w a t e r .   T h e   h a l f  c e l l  r e a c t i o n  is  

Cd + 20H’ d i s c h a r g e  
c h a r g e  

Cd(OH)2 + 2e- 

We used a f l o o d e d  c e l l  w i t h   n o   a d d i t i v e s  a t  a l l  i n   t h e  e lec-  
t r o l y t e .  We a r e   u s i n g   t h e   c o m m e r c i a l   p o s i t i v e s   i n   t h i s  case s u r -  
r o u n d i n g   t h e  cadmium n e g a t i v e .  We use one  wrap of   hermion  and  one 
w r a p   o f   n y l o n   s e p a r a t o r   m a t e r i a l .  The c o m p r e s s i o n   o n   t h i s  is 
ra the r   l ow  and   somewha t   va r i ab le  a t  t h i s  t ime, and s o  we a re  n o t  
u n d e r   h i g h   l a t e r a l   p r e s s u r e .  

( F i g u r e   1 9 - 2 )  

F i g u r e   1 9 - 2   s h o w s   t h e   v o l t a g e   v e r s u s   t h e   t h e o r e t i c a l   c a p a c i t y  
f o r   t h e   e l e v e n t h   c h a r g e   c y c l e   o n  c e l l  52.   The  charge r a t e  is 
1.87 C .  I t  i s  a 2A h c a p a c i t y  p l a t e ,  a n d   t h e   v o l t a g e  s t a r t s  o u t  
a t  1.35V. As it r e a c h e s  1 0 0 %  o f   c a p a c i t y ,  i t  g o e s  u p  t o   a b o u t  
1 .7 .   There i s  n o t  much g a s s i n g ;  i t  d o e s   n o t  u s e  e x c e s s i v e   a m o u n t s  
o f   w a t e r .  

I m i g h t   s a y  a f e w   m o r e   t h i n g s   a b o u t  i t .  There  is some 
q u e s t i o n   a b o u t   t h e   c a r b o n a t e   b e i n g   g e n e r a t e d   b y   t h e   f i b e r   u n d e r -  
n e a t h   t h e   n i c k e l   c o a t i n g .  We d i d   c a r b o n a t e  tests o n  t h i s   a f t e r  
480 c y c l e s ,   a n d   a f t e r   s e v e r a l   h u n d r e d   c y c l e s  a t  h i g h  r a t e .  The 
amount   o f   carbonate  was t o o   l o w   t o   b e   m e a s u r e d .  I t  was j u s t  
present  i n  t r ace  q u a n t i t i e s   d u e  t o  t h e  plaque. 
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You can  see t h e   o v e r c h a r g e ,   a b o u t   3 0 0 %   o n   t h a t ;   t h e  r a t e  is 
1.87 C ,  which i s  a p r e t t y   h i g h  r a t e  o v e r c h a r g e .  

( F i g u r e   1 9 - 3 )  

F igu re   19 -3   shows   t he  same c e l l  o n   d i s c h a r g e  a t  t h r e e   d i f -  
f e r e n t  ra tes :  0.25C, 2C and  8.2C. A t  t h e   l o w e r  r a t e  you g e t   v i r -  
t u a l l y  1 0 0 %  o f   t h e   t h e o r e t i c a l   c a p a c i t y   i n   t h i s  p a r t i c u l a r  c y c l e  
up t o   a b o u t  1 V  fo r   4 .5   hour s .   Then  a s  t h e  r a t e  i s  i n c r e a s e d  2C, 
you g e t   a b o u t   8 8   t o   9 0 %   f o r  29 minutes .   Then ,  a s  you r a i s e  t h e  
r a t e  even  more  you a re  g e t t i n g   a b o u t   4 5 %   a n d   3 . 2   m i n u t e s .  

( F i g u r e   1 9 - 4 )  

Figure  19-4  shows a d i f f e r e n t  p l a t e ,  no. 64 ( w e  r a n   a b o u t  s i x  
o r   s e v e n   o f   t h e s e  p l a t e s  d u r i n g   t h e   s h o r t  time w e  h a v e   h a d   t o  do 
t h i s ) .  The c a p a c i t y  o f  t h i s  is 1.46A h ,   t h e   c h a r g e  is abou t   125% 
of  C ,  a n d   t h e   d i s c h a r g e  0.5C o n   t h i s   o n e ,  0.73A. You can  see what 
t h e   u t i l i z a t i o n   d o e s   o n   t h i s  p a r t i c u l a r  p l a t e .  I t  s t a r t s  o u t  a 
l i t t l e  a b o v e   8 0 %   a n d   l e v e l s   o u t  a t  a b o u t   7 5 % .   T h e   f l u c t u a t i o n s  
a r e  m o s t l y   c a u s e d  by t h e  cams you c u t   o n   a n d  o f f  i n   t h e   i n s t r u m e n t  
u s e d   f o r   c y c l i n g .   T h u s  i t  w e n t   o u t   a b o u t  90 c y c l e s ,   a n d  i t  l o o k s  
q u i t e   g o o d .  We can   compare   t ha t   w i th   F igu re   19 -5   (work   by  S. 
Gross ,   Rev iew  o f   e l ec t rochemica l   impregna t ion   fo r   n i cke l - cadmium 
c e l l s ,  Boeing   Aerospace  Co. R e p o r t ,   A u g u s t   1 9 7 7 ) .  

( F i g u r e   1 9 - 5 )  

This   shows a r e v i e w   o f   a n   a e r o s p a c e   r e p o r t   o n   t h e  cadmium 
e l e c t r o d e   e f f i c i e n c y   o f   d i f f e r e n t   i m p r e g n a t i o n s   o f  plaques.  The 
c h e m i c a l   i m p r e g n a t i o n   f o r   c o m m e r c i a l  u s e  h a s   t h e   l o w e s t   e f f i c i e n -  
c y ,   a n d   f o r   a e r o s p a c e   a p p l i c a t i o n  it h a s   h i g h e r   e f f i c i e n c y .  The 
e l e c t r o c h e m i c a l l y   i m p r e g n a t e d   e l e c t r o d e  i s  a t  t h e   t o p .  You c a n  
see t h a t  we are  w i t h i n   t h a t   r a n g e ,   a l t h o u g h ,  it i s  below 8 0 %  
t h e r e ,   a n d  a t  50 c y c l e s  i t  is p r o h s b l y   a b o u t   7 0   o r   7 5 % .  

( Table  19-1 ) 

T a b l e  1 9 - 1  shoxs  t h e  9 e c c e n t a g e   u t i l i z a t i o n s   o f   a c t i v e  mater- 
i a l ,  and amp h o u r s  per k i l o g r a m ,   f o r   t w o  p l a t e s  a t  d i f f e r e n t   d i s -  
c h a r g e  r a t e s .  T h i s  is a c u t o f f  a t  0.9V. 

I went   back   and   checked   da ta   on  some o f   t h e   o t h e r  cadmium 
p l a t e s  w e  have   done  u p  t o   a b o u t  6 0  c y c l e s .  We had  done u p  t o  
a b o u t  120A h/kg a t  50 t o  6 0  c y c l e s .  I s t r e s s  t h a t .   I n  my con- 
c l u s i o n s  I s h a l l   s a y  a f e w   t h i n g s   a b o u t   t h a t .  

The   bo t tom  l ine   on   Table   19-1   shows d a t a  for   commerc ia l   nega-  
t i v e .  We j u s t  t r i e d   t h a t  ( a t  t h e  same r a t e )  t o  see what we would 
g e t  by  comparison.  I t  is a n   u n f a i r   c o m p a r i s o n ,   o f   c o u r s e ,   b e c a u s e  
t h a t  i s  t h e   o l d e r   c h e m i c a l   i m p r e g n a t i o n   m e t h o d ,   a n d  I know t h a t  
t h e r e  a r e  n e w e r   o n e s   a v a i l a b l e  now. Some o f   t h e   c o n c l u s i o n s   t h a t  
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w e  can  draw a r e  t h a t  by t h i s   c o m p o s i t e  p l a t e  method w e  c a n  m a k e  a 
cadmium e l e c t r o d e   t h a t  appears t o   b e   r a t h e r   g o o d .  We m e a s u r e d   t h e  
t h i c k n e s s   o f  a c o u p l e   o f  p l a t e s  a f t e r   a b o u t   1 0 0   c y c l e s ,   a n d   i f  
a n y t h i n g   t h e y  were t h i n n e r   t h a n   t h e y   s t a r t e d   o u t .   T h i s   s h o w s   t h a t  
t h e y   d o   n o t  swell i n   t h e   e l e c t r o l y t e ,   a n d   t h e y   d o   n o t   p r o d u c e  car- 
b o n a t e   i n   t h e   e l e c t r o l y t e .  As f a r  as  t h e   p r o c e s s   g o e s ,  we f e e l  it 
would  be a minimal  s t e p  t o  mass p r o d u c t i o n .   I n   o t h e r   w o r d s ,  we 
c a n   r o l l   t h e s e   o f f   r o l l e r s   a n d   t h r o u g h   v a t s   a n d   c u t   t h e m  up .  They 
h a v e   p o t e n t i a l l y   l o w   c o s t .   T h e  mat f i b e r  is  maybe  $7.50  per 
pound,   bu t   you   can  m a k e  a b o u t   1 0 0  p l a t e s  w i t h  i t .  We s u b s t i t u t e d  
some o f .   t h e   n i c k e l   i n   t h e  p l a t e  wi th   ca rbon ,   and  we f e e l   t h a t  it 
w o u l d   p o s s i b l y  be a g o o d   a p p r o a c h   f r o m   t h a t   p o i n t   o f   v i e w .  As f o r  
i t s  l i f e ,  i t  l o o k s   p r o m i s i n g .  As I s a i d ,   t h e y   h a v e   n o t   g o n e   f o r  
t h o u s a n d s   o f   c y c l e s   y e t .  

As f a r  as  f u t u r e  work is c o n c e r n e d ,  we s h a l l   b e   p r e s s i n g   h a r d  
w i t h   t h i s .   S e v e r a l   t h i n g s   c a n   p r o b a b l y   b e   d o n e   t o  r a i s e  t h e  amp 
h o u r s  per k i log ram.  We t h i n k  w e  c a n  r a i s e  it by 1 0  - 1 5 %  by 
p u t t i n g  a p r o p e r   k i n d   o f   c u r r e n t   c o l l e c t o r   i n   h e r e .   T h e   c u r r e n t  
c o l l e c t o r  we u s e  a t  p r e s e n t  i s  r a t h e r  crude.  One t h i n g  we m u s t  
u s e  now is a p r o p e r   t y p e   o f   n i c k e l   s c r e e n .   T h i s  was n o t   a v a i l a b l e  
t o  u s  f r o m   t h e   s t a r t ,   a n d  s o  we a r e  g o i n g   t o  come back t o   t h a t .  

Then w e  can  s t a r t  r e f i n i n g .  We m u s t  do  more s t u d i e s  o n   t h e s e  
p l a t e s ,  s imi la r  t o   t h e   t h i n g s  we h a v e   p r e s e n t e d   i n   p r e v i o u s  
papers.  We c a n   r e f i n e   t h e   f i b e r  diameter h e r e ;   i n   o t h e r   w o r d s ,  w e  
were u s i n g   t h i s  mat f i b e r   w i t h  a diameter i n   t h e   r a n g e  6 - 1 6  m ,  
a v e r a g i n g   a r o u n d  9 m.  I t h i n k   t h a t   i f  w e  u s e d  a somewhat smaller 
f i b e r   d i a m e t e r   ( a r o u n d  6 m w i t h   t h e  same 0.5 m c o a t i n g   t h a t  we 
have ,  w e  may be ab le  t o  r a i s e  t h e   p o w e r - t o - w e i g h t   r a t i o   1 5  - 20% 
over   and   above   what  w e  c a n   d o   b y   c h a n g i n g   t h e   s c r e e n s .  

We h a v e   q u i t e   g o o d   l o a d i n g .   T h i s   l o a d i n g  i s  n o t  a problem.  We 
c a n   g e t   h i g h   l o a d i n g s   a n d  we c a n   c h a n g e   t h e   p o r o s i t y   o n   t h e s e  
p l a t e s  a t  w i l l .  I have made some p l a q u e s   t h a t  a re  4 0 m m ,  a n d   a r e  
q u i t e   g o o d  a n d  h i g h l y   p o r o u s .  I can  make them s o  p o r o u s   t h a t  I 
can  see th rough   t hem,   a l though  I am n o t  su re  w h e t h e r   t h a t  i s  an 
advan tage .  I c a n   v a r y   t h e   p o r o s i t y   o v e r  90%, and it r e t a i n s  i t s  
s t r e n g t h  l i k e  a f i b e r   t e n n i s  r acke t  would. 

DISCUSSION 
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RAU: Could a carbon-carbon  composi te  be u s e d   i n  place o f   t h i s  
a s  a p l a q u e ?  

FERRANDO: I t  is n i c k e l   c o a t e d .   T h a t  is c r i t i c a l  i n   h e r e .  

RAU:  A carbon-carbon  composi te   wi th  8 0 %  p o r o s i t y  w i l l  a b s o r b  
t h e   p u r p o s e .  

FERRANDO: I d o   n o t   t h i n k  so; I t h i n k  it w i l l  swell. 

RAU:  I s h o u l d  l i k e  t o  know t h e   p r o p e r t i e s   o f   t h e   g r a p h i t e  mat 
f i b e r  . 

SUTULA: T h i s  i s  c o m m e r c i a l l y   a v a i l a b l e   U n i o n  Carb ide  f i b e r .  
I t  is VMA g r a d e   t h o r n e l   t y p e  P. The c u r r e n t   c o s t  is about   $7 .50  
per pound. 

R A U :  Is it a high-modulus or a h i g h - s t r e n t h   f i b e r ?  

SUTULA: I t  i s  a h i g h - s t r e n g t h   f i b e r .  I t  h a s  a sur face  area 
of a b o u t  0.4m2/g and I b e l i e v e  i t s  d e n s i t y  i s  abou t   2 .1  g/cm3. 

RAU: Is it  made f r o m   r a y o n   f i b e r s ?  

SUTULA: I t  i s  t h o r n e l   t y p e  P. I b e l i e v e  it is  a p e t r o l e u m  
by-product .  

RAU: I s h o u l d  l i k e  t o  know some d e t a i l s  o f   t h e   c o a t i n g   p r o c -  
ess o f   n i c k e l .  

SUTULA: We c a n   g i v e   y o u   t h e   p a t e n t   n u m b e r   ( t h e   p a t e n t  was 
i s s u e d  i n   J u l y   o f   t h i s   y e a r ) ,   a n d   y o u   c a n   l o o k  i t  u p  i n   t h e r e .  I t  
e x p l a i n s   i n   c o m p l e t e  d e t a i l  how t o   c o a t   t h e   f i b e r   p r o p e r l y   w i t h  
n i c k e l .  

M U :  As s u c h ,  these  f i b e r s   w o u l d  be q u i t e  b r i t t l e ,  and s o  t h e  
e l e c t r o d e  plaque c a n n o t   h a v e   g o o d   s t r e n g t h .  

SUTULA: I t  d o e s .   I n   f a c t ,   t h e   l o a d - t o - f a i l u r e   r u n s   b e t w e e n  
90  and  100kg/cm3. 

RITTERMAN: You showed i n  Table  1 9 - 1   t h a t   t h e r e  was 95% u t i l i -  
z a t i o n   o f  cadmium a t  c o n s t a n t   c u r r e n t  a t  C / 4 .  Is t h a t  c o r r e c t ?  
Usua l ly  I s h o u l d  expect a b o u t  8 0 %  u t i l i z a t i o n .  

SUTULA: Yes, I agree.   However ,   95% i s  wha t  came o u t   f o r   t h a t  
C /4  r a t e .  

RITTERMAN: The t h e o r e t i c a l   e q u i v a l e n t   o f   l g   o f  cadmium hy- 
d r o x i d e  is 0.366A  h. You are  g e t t i n g   a b o u t  0 . 1 A  h .   Taking   about  
8 0 %  u t i l i z a t i o n   o f   t h e o r e t i c a l ,   a n d   t a k i n g   a b o u t  50% o f   t h a t   f o r  
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t h e   i n e r t  material ,  y o u   g e t  0.15A  h.  Your 0.1A h ,   e v e n   w i t h  a 20% 
improvement,  s t i l l  f a l l s   s h o r t  of t h e   s t a n d a r d   s i n t e r e d  p l a t e .  
You a r e  g e t t i n g   a b o u t  a q u a r t e r  of t h e o r e t i c a l .  

SUTULA: What i s  c u r r e n t l y   t h e   b e s t  ampere h o u r s  per k i l o g r a m  
for p l a t e  w e i g h t  of a cadmium e l e c t r o d e ?  

RITTERMAN: I t  i s  0.15A h/g,   which i s  150A h/kg. 

SUTULA: We b e l i e v e  w e  c a n   a c h i e v e  150A  h/kg  with  no  problem 
as f a r  a s  chang ing  some of t h e   c u r r e n t   c o l l e c t o r s   a n d   a l s o   i m p r o v -  
i n g   t h e   f i b e r  diameter. T h e   o t h e r   t h i n g .  it w o u l d   a l l o w   y o u   t o   d o  
is t o  come u p  w i t h  a c o m m e r c i a l l y   v i a b l e   p r o c e s s  so  t h a t  you  can 
mass p r o d u c e   t h e s e   t h i n g s   v e r y   r a p i d l y   a n d  more c h e a p l y   t h a n  a t  
p r e s e n t .  

RITTERMAN:  You would  have t o   h a v e  some s o r t  of w e i g h t  for 
y o u r   g r i d ;  I r e a l l y  wonder i f  i t  is f e a s i b l e   t o   g o  from 1 0 0  t o  
150 A h/kg? 

SUTULA: C u r r e n t l y  w e  have   ones   on  t e s t  t h a t  a r e  a c h i e v i n g  
135  A h /kg ,   and   t hese  a r e  v e r y   c r u d e   o n e s .  

RITTERMAN: D o  t h e y   h a v e   t h e   g r i d s ?  

SUTULA: Yes. 
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ELECTROLYTE DISTRIBUTION STUDY I N  SEALED NICKEL CADMIUM CELLS 
V. KUNIGAHALLI  

Coppin S t a t e  C o l l e g e  

A t  t h e   o u t s e t  I s h o u l d  l i k e  t o   t h a n k  Mr. Halpert  and Dr. 
McDermott f o r   t h e i r   a s s i s t a n c e   i n   c a r r y i n g   o u t   t h e   i n v e s t i g a t i o n .  

The p u r p o s e   o f   t h e   s t u d y  was t h r e e f o l d :  f i r s t ,  t o   f i n d   a n  
a l t e r n a t i v e   m e t h o d   o f   e s t i m a t i n g   a n d   e x t r a c t i n g   t h e   e l e c t r o l y t e  
c o n t e n t   i n  a c e l l ;  s e c o n d l y ,   t o   u n d e r s t a n d  how t h e   e l e c t r o l y t e  i s  
d i s t r i b u t e d   i n   t h e  c e l l  c o m p o n e n t s   ( t h e   p o s i t i v e s   a n d   t h e   n e g a -  
t i v e s   a n d   i n   t h e   s e p a r a t o r  m a t e r i a l ) ;  a n d   t h i r d l y ,   t o   d i s c o v e r  
w h e t h e r   t h e   e l e c t r o l y t e  is a s s o c i a t e d   m o s t l y   w i t h   t h e   p o s i t i v e s  
a n d   n e g a t i v e s   o r   t h e   s e p a r a t o r .   I n   t h e  l a s t  B a t t e r y   W o r k s h o p ,   t h e  
q u e s t i o n  was r a i s e d  as t o   w h e t h e r   t h e   e l e c t r o l y t e   c o n t e n t  i s  more 
t o w a r d s   t h e   p o s i t i v e   o r   n e g a t i v e   i n   t h e   n i c k e l  cadmium c e l l .  

I s h o u l d  l i k e  t o   s a y   t h a t   t h i s  i s  p u r e l y   e x p l o r a t o r y   w o r k ,   a n d  
t h e  r e su l t s  are  v e r y   p r e l i m i n a r y .  

I t  is known t h a t   t h e   t h e r m a l   c o n d u c t i v i t y   c a n   d e c r e a s e   s i g n i f -  
i c a n t l y   w i t h   e l e c t r o l y t e   d i s t r i b u t i o n ,   c a u s i n g   a n   i n c r e a s e d   i n t e r -  
n a l   t h e r m a l   r e s i s t a n c e .  I t  i s  a l s o  known t h a t   v a r i a t i o n s   i n   t h e  
c h a r g e   b e h a v i o r ,   s o m e t i m e s  a t t r i b u t e d  t o   t h e   d i f f e r e n t   s e p a r a t o r  
m a t e r i a l s  l i k e  p o l y p r o p y l e n e   o r   n y l o n ,   c a n   a l s o  be a t t r i b u t e d  t o  
d i f f e r e n c e s   i n   t h e   a m o u n t   o f   e l e c t r o l y t e   p r e s e n t   a n d  i t s  c h a r a c -  
t e r i s t i c   d i s t r i b u t i o n  among t h e  c e l l  components .   The   presence   o f  
adequate and well d i s t r i b u t e d   e l e c t r o l y t e s   c a n  cause t h e   i n i t i a l  
s i g n a l   b e h a v i o r   i n   t h e   a u x i l i a r y   e l e c t r o d e   t o  be normal  and par- 
t i c u l a r l y  i t  w i l l  b e h a v e   t h e  same f o r   b o t h   t h e   p e r p e n d i c u l a r   a n d  
t h e   p a r a l l e l   c o n f i g u r a t i o n s .   T h e s e   o b s e r v a t i o n s  s t r e s s  t h e  
i m p o r t a n c e   o f   e l e c t r o l y t e   d i s t r i b u t i o n  among t h e  c e l l  components  
i n  t h e  p o s i t i v e s   a n d   n e g a t i v e s .  

L e t  me s a y  a f e w   w o r d s   a b o u t   t h e   e x p e r i m e n t a l   a p p r o a c h ,  how 
t h e  c e l l  was opened  and how t h e   a n a l y s i s  was c a r r i e d   o u t .   F i r s t ,  
t h e  c e l l  was t e s t e d   f o r  l eaks .  Then it was o p e n e d   i n  a d r y  l a b  
f i l l e d  w i t h  d r y   n i t r o g e n .  The p o s i t i v e s ,   n e g a t i v e s   a n d   s e p a r a t o r s  
were separated f r o m   t h e  c e l l  pack. The w e t  w e i g h t   o f   e a c h  compo- 
n e n t ,   e a c h   i n d i v i d u a l   p o s i t i v e ,   n e g a t i v e   a n d  i t s  s e p a r a t o r ,  was 
r e c o r d e d  by u s i n g  a b a l a n c e   a l r e a d y  placed i n s i d e   t h e   d r y  l a b .  

Each  component was t h e n  immersed i n  a b e a k e r   c o n t a i n i n g  
e x a c t l y  250ml o f   d e i o n i z e d  water. The s y s t e m  was a l lowed  t o  s t a n d  
f o r   a b o u t  3h i n   t h e   i n e r t   a t m o s p h e r e ,   t a k i n g  care  t o  see t h a t  
t h e r e  was a p o s i t i v e  pressure  o f   n i t r o g e n   i n   t h e   d r y  l a b .  Then 
each  component  was t a k e n   o u t   o f   t h e  beaker,  a l l o w i n g   s u f f i c i e n t  
time f o r   m o s t   o f   t h e   e l e c t r o l y t e   t o  d r i p  o f f   t h e   s u r f a c e   o f   t h e  
p l a t e  o r   s e p a r a t o r .   A f t e r   t h i s ,   t h e   p o s i t i v e s  were c o l l e c t e d   t o -  
g e t h e r ,   t h e   n e g a t i v e s  were c o l l e c t e d   t o g e t h e r ,   a n d   t h e   s e p a r a t o r s  
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were  collected together and put  in  three  different  soxhlet extrac- 
tors. The  soxhlet  extraction  was  carried  out  with lOOOml dei- 
onized water for about 24h. After this  extraction, when we tested 
the  soxhlet  extract, it was  not basic in nature. This  clearly 
indicated that  the  extraction had been  completed in the immersion 
technique. In fact, this  soxhlet  extraction  was intentionally 
carried out  to  cross check and ascertain whether the  extraction  of 
the  electrolyte  has been completed or  not. Lastly,  the  electro- 
lyte extracted from  each  component was analyzed by the volumetric 
method, and the  content of potassium  hydroxide and potassium car- 
bonate calculated. 

I should like  to add that the utmost  care  was taken to  prevent 
all possibility of contamination,  particularly  that of carbonate 
from  external  sources including the atmosphere. The only time the 
solutions  were exposed was during the titration, which was done 
very quickly. 

(Table 20-1) 

Table 20-1 gives a brief history of the  cells studied here. 
The  first  two  columns  show  two 6A h cells and two  8A h cells and 
the manufacturer's name.  For the cycled cells we have  given the 
Crane pack number and the percentage DOD, the  temperature, and the 
total number of cycles  that  have  gone  into  the cell. 

(Figure 20-1) 

Figure 20-1 shows the content of potassium  hydroxide and 
potassium  carbonate  in the individual  cell material. N stands for 
the negative  plate, S stands for the  separator, and P stands for 
the positive electrode. For convenience,  positives  are  given the 
even  numbers,  negatives odd numbers, and separators  are  given con- 
tinuous numbers. 

We can see  that  in each of the set  of  components, the average 
potassium  carbonate is shown by this  dotted line. It is 12.67  for 
the negatives, 15.06  for the  separators, and 9.49 for the posi- 
tives. One of the  tables  that I shall  present later shows the 
standard deviation,  which  is  pretty good. 

From  Figure 20-1, we  can  see  that the percentage of potassium 
carbonate associated with the separator is larger than that for 
the positives and negatives. Also, there  seems  to be approxi- 
mately uniform  distribution of the  electrolyte  in  the  cell  compo- 
nent  in all cases. The  cell is an  8A h cycle cell, which has 
undergone 23,748  cycles; it is non-Teflonated. 

(Figure 20-2) 
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F i g u r e  20-2  shows t h e  r e s u l t s  f r o m   t h e   n e x t  c e l l  t h a t  we ana-  
l y z e d ,   a n  8A h c e l l  t h a t   h a d   u n d e r g o n e   2 3 , 7 7 2   c y c l e s .  The o n l y  
d i f f e r e n c e   b e t w e e n   t h i s   a n d   t h e   p r e v i o u s  c e l l  is t h a t   t h i s  c e l l  is 
n e g a t i v e   b a s e   T e f l o n a t e d .  The t r e n d  is v e r y  s imi la r  t o   t h e   o n e  w e  
saw i n   F i g u r e   2 0 - 1 ,   i n   t h a t   t h e   p e r c e n t a g e   o f   c a r b o n a t e   i n   t h e  
separators  is la rger  t h a n   i n   t h e   p o s i t i v e s   a n d   n e g a t i v e s ,   a n d  
t h e r e  is u n i f o r m   d i s t r i b u t i o n .  I t  i s  i n t e r e s t i n g   t o   n o t e   t h a t   i n  
t h e   p o s i t i v e s ,   t h e   n e g a t i v e s   a n d   t h e   s e p a r a t o r s ?   t h e   p e r c e n t a g e  of 
c a r b o n a t e  is  c o r r e s p o n d i n g l y   l o w q   t h a n   i n   t h e  ce l l  i n  
F i g u r e  20-1. T h i s   p r o b a b l y   i n d i c a t e s   t h a t   t h e   d e g r a d a t i o n  of t h e  
s e p a r a t o r  i s  s l i g h t l y  less i n  a T e f l o n a t e d  ce l l  t h a n   i n  a non- 
T e f l o n a t e d  ce l l .  

(Table   20-2)  

Table 20-2  shows  component  weights  of  an 8A h c e l l .  W h i l e   t h e  
c e l l  pack was disassembled, t h e  w e t  w e i g h t  was r e c o r d e d   f o r   e a c h  
n e g a t i v e ,   s e p a r a t o r   a n d   p o s i t i v e .   A f t e r   i m m e r s i o n   a n d   d r y i n g ,  w e  
t o o k   t h e   d r y   w e i g h t   o f   t h e   c o m p o n e n t s ;   t h e   d i f f e r e n c e  is t h e  
we igh t   o f  t h e  e l e c t r o l y t e .   T h e r e  is a p r e t t y  g o o d   a v e r a g e   f o r   t h e  
e l e c t r o l y t e   a n d  a v e r y   u n i f o r m   d i s t r i b u t i o n .  The s t a n d a r d   d e v i a -  
t i o n s  a re  w i t h i n  0 . 1 ,  0 . 2   i n   t h i s   p a r t i c u l a r  case. 

(F igu re   20 -3 )  

N e x t ,  w e  t o o k   a n o t h e r  c e l l  t h a t  was a v a i l a b l e   t o  u s ,  a 6A h 
c e l l ,  wh ich   had   unde rgone   aga in   37 ,726   cyc le s .   In   t h i s  case t h e  
s e p a r a t o r   m a t e r i a l  was v e r y   s t i c k y ,   a d h e r i n g   t o   t h e   n e g a t i v e  
p l a t e ,  and s o  i t  was n o t   p o s s i b l e   t o   s e p a r a t e   t h e m .   T h e r e f o r e ,  we 
t o o k   t h e   p o s i t i v e s   a n d   t h e   c o m b i n a t i o n  of n e g a t i v e s   a n d   s e p a r a t o r ,  
a n d   a n a l y z e d   t h e s e   i n   t h e  same way as  t h e   o t h e r s .  

Here a g a i n   t h e   c a r b o n a t e   a s s o c i a t e d   m o r e   w i t h   t h e   s e p a r a t o r  
a n d   n e g a t i v e   c o m b i n a t i o n   t h a n   w i t h   t h e   p o s i t i v e s .   T h e   d i s t r i b u -  
t i o n  is  a p p r o x i m a t e l y   u n i f o r m ,  b u t ,  t h e r e  i s  a s l i g h t l y   g r e a t e r  
d e v i a t i o n   t h a n   f o r   t h e  8A h c e l l .  However, i n   g e n e r a l ,   t h e  pa t -  
t e r n  is  more  or  less s i m i l a r .  

(F igu re   20 -4 )  

L a s t l y ,  we took  a 6A h uncyc led  c e l l ,  a n d   t h e r e  w e  c o u l d  
remove t h e   s e p a r a t o r  mater ia l  v e r y   e a s i l y .   A g a i n  w e  f o u n d   t h a t  
t h e   c a r b o n a t e   c o n t e n t  was v e r y   h i g h   i n  a l l  t h e  cases i n   g e n e r a l .  
There  is o n e   t h a t  i s  v e r y   d i f f i c u l t   t o   r e a s o n .   S e c o n d l y ,   t h e r e  
seems t o  be a s o r t   o f   p a t t e r n   f r o m   o n e   s i d e   o f   t h e  c e l l  t o   t h e  
o t h e r .  You can  see,  p a r t i c u l a r l y   f o r   t h e   s e p a r a t o r s ,   t h a t   t h e  
c a r b o n a t e   c o n t e n t   ( s h o w n  by t h e   d o t t e d  a r ea )  a n d   t h e   p o t a s s i u m  
h y d r o x i d e   c o n t e n t   ( w h i c h  i s  shown  by t h e   s h a d e d   p a r t ) ,  are  i n -  
c r e a s i n g  from one  s ide  t o   t h e   o t h e r .  I h a v e   n o   e x p l a n a t i o n   f o r  
t h i s   k i n d  of b e h a v i o r .  One c o u l d   o n l y   s p e c u l a t e ,   p e r h a p s ,   t h a t   i f  
t h e r e   h a d   b e e n  a t i n y   h o l e   o n   o n e   s i d e   o f   t h e  c e l l ,  wh ich   has   been  
l y i n g   t h e r e  fo r  y e a r s ,   t h e n   p r o b a b l y   t h e   c o m p o n e n t   t h a t  was 
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e x p o s e d   t o   t h e   a t m o s p h e r e   w o u l d   h a v e   u n d e r g o n e   m o r e   o x i d a t i o n ,   a n d  
t h e r e f o r e   t h e   c a r b o n a t e   c o n t e n t   w o u l d   h a v e   b e e n   g r e a t e r   a n d   w o u l d  
go   on   dec reas ing  as  y o u   r e a c h   t h e   o t h e r   e x t r e m e .   A n o t h e r   s p e c u l a -  
t i o n   c o u l d  be t h a t   o w i n g   t o   d i f f e r e n t i a l   c o m p r e s s i o n ,  it is  p o s s i -  
b l e  t h a t  some of t h e   e l e c t r o l y t e   h a s   b e e n   a c c u m u l a t e d   o n   o n e  s ide  
o f  t h e  c e l l .  

(Table   20-3)  

Table 20-3 summarizes  t h e  r e s u l t s  shown i n   F i g u r e   2 0 - 1   t o  
20-4, f o r  t h e  purpose   o f   compar ison .   For  example, a n d   f o r  8A h 
ce l l s ,  w e  h a v e   g i v e n  t h e  s t a n d a r d   d e v i a t i o n   w h i c h  i s  p r e t t y   g o o d .  
I t  is o n l y  21% by  weight .  

I n   t h e  6A h uncyc led  c e l l ,  t h e  d e v i a t i o n  w a s  3 % .  T h i s   c l e a r l y  
i n d i c a t e s   t h a t   c y c l i n g   h a s   c o n t r i b u t e d   t o  more  uniform d i s t r i b u -  
t i o n   o f  t h e  e l e c t r o l y t e  among t h e  c e l l  components.  A s  we s a i d ,  
t h e   c a r b o n a t e   c o n t e n t  i s  m o s t l y   a s s o c i a t e d   w i t h   t h e   s e p a r a t o r .  

(Tab le  20-4 ) 

Table 20-4 s h o w s   t h e   a b s o l u t e   w e i g h t s   o f   t h e   e l e c t r o l y t e   a s s o -  
c ia ted  w i t h   t h e   p o s i t i v e ,   s e p a r a t o r   a n d   n e g a t i v e  p l a t e s  i n   e a c h   o f  
t h e s e  ce l l s .  We c a n  see t h a t  i n   e a c h  case t h e   n e g a t i v e  i s  a s s o -  
c i a t ed  w i t h  t h e   g r e a t e s t   p r o p o r t i o n   o f   e l e c t r o l y t e ,   f o l l o w e d  by 
t h e   p o s i t i v e ,   a n d  t h e  s e p a r a t o r   h a s   t h e  l e a s t .  

D I S C U S S I O N  

WEINER: W i t h   r e g a r d   t o   t h e  c e l l  t h a t  was l y i n g   a r o u n d  un- 
c y c l e d ,   d o   y o u   h a v e   a n y   i n f o r m a t i o n  a s  t o  how l o n g  it was i n   s t o r -  
a g e ,  a t  what temperature it might   have   been  kep t  and ,   whether  it 
was d i s c h a r g e d   d u r i n g  t h a t  p e r i o d   o f  time? 

K U N I G A H A L L I :  I t r i e d  t o   c o l l e c t  a s  much i n f o r m a t i o n  as was 
a v a i l a b l e .  I g a t h e r e d  t h a t  a l l  these c e l l s  were m a n u f a c t u r e d   i n  
t h e  e a r l y   1 9 7 0 s ,   a n d   w e r e  a l l  l y i n g   i n  a c a b i n e t  a t  room  tempera- 
t u r e .  

HALPERT: Then we d o   n o t   h a v e  i t s  exact  h i s t o r y ?  

KUNIGAHALLI :  No. I n   f a c t ,  I t r i e d  t o   l o c a t e  i t  b u t  I c o u l d  
n o t .  

RITTERMAN: I see y o u   h a v e   v a l u e s   f o r   t h e   i n t e r e l e c t r o d e  spac- 
i n g .  How d i d  you ca l cu la t e  t h a t ?  

KUNIGAHALLI :  After open ing  I took  t h e  c a n   a l o n g   w i t h  t h e  l i n -  
i n g  mater ia l ,  and measured t h e   d i m e n s i o n s .   T h e n ,   b y   t h e  number  of 
p l a t e s ,  I ca l cu la t ed  t h e   s e p a r a t o r  mater ia l  d imens ions .  I j u s t  
wanted t o  see w h e t h e r   t h a t   w o u l d   g i v e  me some i n f o r m a t i o n .  
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ROGERS: I am w o n d e r i n g   w h e t h e r   y o u   t o o k   i n t o   a c c o u n t   t h a t  
when you take a n i c k e l  cadmium c e l l  o u t   o f  a b a t t e r y  pack t h a t  i s  
now under  a s t r a i n ,   a n d   c u t  i t  open,   you m u s t  g e t   a n   e l e c t r o l y t e  
r e d i s t r i b u t i o n ,   w h i c h  may o r  may n o t  r e l a t e  a g r e a t   d e a l   t o  how it 
was i n   t h e  c e l l .  H a v e   y o u   t a k e n   t h a t   i n t o   a c c o u n t ?  

KUNIGAHALLI:  No. T h i s  is  j u s t  a p r e l i m i n a r y   a p p r o a c h .  We 
are s t i l l  d o i n g  work  on it. 

SCOTT: T e f l o n a t i o n   o f   n e g a t i v e s  is r e p u t e d   t o   c a u s e  less 
e l e c t r o l y t e   t o  be a b s o r b e d   b y   t h e   n e g a t i v e  p l a t e s .  Your d a t a   d o  
n o t  seem t o   i n d i c a t e   t h a t   t h a t  was t h e  case w i t h   t h e   T e f l o n a t e d  
c e l l .  Would you care  t o  comment o n   t h a t ?  

KUNIGAHALLI:  T h e   c a r b o n a t e   c o n t e n t  is less i n   T e f l o n a t e d  
ce l l s  t h a n   i n   n o n - T e f l o n a t e d  ce l l s .  

SCOTT: What a b o u t   t h e   t o t a l   e l e c t r o l y t e   c o n t e n t ?  

K U N I G A H A L L I  Among t h e   t w o  8A h c e l l s ,  t h e  l a s t  one  is a Tef-  
l o n a t e d   o n e   a n d  i t  does   have   more  e l e c t r o l y t e  t h a n   t h e   n o n -  
T e f l o n a t e d  ce l l .  I t h i n k   t h a t  i s  the   mean ing  o f   t h e   t r e n d .  

SCOTT: Tha t  may o r  may n o t  be t r u e .   T h a t  is n o t   t h e  way I 
unde r s t and  it. H o w e v e r ,   r e g a r d l e s s   o f  how much t o t a l   e l e c t r o l y t e  
is added t o   t h i s  c e l l ,  t h e   p r o c e s s  of T e f l o n a t i n g  a n e g a t i v e  is 
r e p u t e d   t o   p r e v e n t   t h e   n e g a t i v e   f r o m   f l o o d i n g  as  much as  i n  nega- 
t i v e s   t h a t   a r e   n o t   T e f l o n a t e d .  Your d a t a   d o   n o t  show t h a t .  

K U N I G A H A L L I :  T h a t  i s  t r u e .  I h a v e   n o   e x p l a n a t i o n  a t  p r e s e n t .  

ELIASON:  I t  is  a l i t t l e  b e t t e r  t o  use a h u m i d i f i e d   r a t h e r  
t h a n  a d r y   n i t r o g e n   a t m o s p h e r e  when d i s s e c t i n g   t h e  c e l l s .  T h i s  
p r e v e n t s   d r y o u t  of t h e   e l e c t r o d e s .  We f o u n d   t h i s   q u i t e  some time 
ago.  

What was t h e   t o t a l   e l e c t r o l y t e   i n   t h e   c e l l ?  You o b t a i n   t h i s  
number  by t a k i n g   t h e   w e i g h t   p r i o r   t o   d i s s e c t i o n   a n d   t h e n   a d d i n g  up 
y o u r   w e i g h t s   a n d   s e e i n g  how t h a t  comes o u t   w i t h   t h e  r e s t  o f   y o u r  
t o t a l   e l e c t r o l y t e .  D id   you   do   t ha t ?  Did  you  have  any  numbers 
l i k e  t h a t ?  

KUNIGAHALLI :  We d i d  n o t  know t h e   w e i g h t   t h a t  was p u t  i n  when 
t h e  c e l l  was manufac tu red .  I c o u l d   n o t   g e t   t h a t  da t a  because 
t h e s e  a re  v e r y   o l d  ce l l s .  I n   f a c t ,  I d i d   w a n t   t o  c a s t  it w i t h  my 
a n a l y s i s   r e s u l t   w h e t h e r  it would be a n y w h e r e   n e a r   t o   t h e   a m o u n t   o f  
e l e c t r o l y t e   t h a t  was a d d e d   t o   t h e  c e l l  when i t  was manufac tu red .  

ELIASON:  You c a n   g e t   t h a t  number e x p e r i m e n t a l l y   b y   s t a r t i n g  
wi th   your  c e l l  we igh t   and   t hen   add ing   up  a l l  t h e   w e i g h t e d  compo- 
n e n t s   a f t e r w a r d s .  
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KUNIGAHALLI:  We d i d   n o t   d o   t h a t .  

ELIASON: How d i d   t h e   c o n c e n t r a t i o n  of t h e   e l e c t r o l y t e   c o m p a r e  
w i t h   t h e i r   m a n u f a c t u r e ?  I a s sume   you   p robab ly   u sed   abou t  3 0 ,  34% 
weight' .  I see some of  your   numbers  were 32 - 3 3 %  KOH b y   w e i g h t ,  
o r  3 4 % ,  which i s  a l i t t l e  h i g h .  You p r o b a b l y   l o s t  some water,  
w h i c h   g a v e   t h e   h i g h e r   c o n c e n t r a t i o n s   c a l c u l a t e d  by   your   expe r i -  
m e n t a l   p r o c e d u r e s .  

There  is a s t a n d a r d   p r o c e d u r e .  Dr. Rogers  had commented  on it 
e a r l i e r .  We h a v e   d i s s e c t e d  many c e l l s  o v e r   t h e   p a s t   s i x  or seven  
y e a r s ,   a n d   t h e y   d o  show a v e r y   r e l i a b l e   a n d   c o n s i s t e n t  d i s t r i b u -  
t i o n  of t h e  e l e c t r o l y t e   i n   t h e   n i c k e l   e l e c t r o d e s   a n d  cadmium elec-  
t r o d e s   a n d   i n  t h e  s e p a r a t o r   a f t e r   d i s s e c t i o n .  T h i s  h a s   b e e n   v e r y  
c o n s i s t e n t   o v e r  t h e  number of y e a r s .  

HALPERT: We h a v e   a l s o   b e e n   d o i n g  t h a t  work f o r  q u i t e  some 
t ime, a n d   t h e  water problems  have   been  d i s c u s s e d  p r e v i o u s l y .  
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HISTORY OF CELLS 
TABLE 1 

CAPACITY 
RATED 

1AId 
MFGR. CRANE 1%) PC1 CYCLES D I M O F  PERSEP 
CELL NWSCl DDD TEMP TOTAL INNER AVG.SPACE 

PACK I 
IMILSI 
CAN IMlLSl 

6 GE * - - - 758.8 10.98 

6 GULTON 580 25 040 38.150 755.3 6.0 

8 GE 18E 25 20 23.748 830.76 8.76 

a GE 18F 25 20 23.772 841.15 5.8 

.UNUSEDCELL OF THE TYPE USED I N  PACK ZOlA. 207A 

Table  20-1 

TABLE 3 

CELL AIYALVSEO: 
GEEAHCELL P a C I  I S F .  137X7CvcIa 

WET DRY -.OF 
WT. WT. ELECTRO 

1s. 
1.48 
1s7 
1.92 
IS9 
1.98 
1.97 
2.08 
1.91 
1.06 

159 
1.90 

TABLE 2 

ELECTRO- 

0.68 
(1.68 
0.67 
0.81 

WET 
WT. 
IS1 

9.67 
10.03 

10.02 
10.02 
9 89 

10.08 
9 9. 

983 
9.GG 
9.95 
9 00 

__ 
onv WT.OF 
WT. ELECTRO. 
I d  LYTE 111 

~ 

8.79 0.88 
11.05 098 
901 1.01 
1102 1w 
090 0.99 
8g8 0.9P 
9.08 l.w 
8.83 l .M 
8.75 0.91 

07'1 101 
B.91 1.01 

Table  20-2 

Table  20-3 

TABLE 4 

CAPACITY  CYCLES POS SEP 
RATED YO.OF WEIGHTOFELECTROLYTE INGMS 

NEC 
IAhl 

Table 20-4 
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CONTENT OF KOH AND  K,CO,O  IN  INDIVIDUAL CELL MATERIAL 

8 AH GE SIN M2 LOT 1 23748 CYCLES 1 ~ ~ 

Figure 20-1 

- SEOUENCE OF CELL  COMPONENTS" 

Figure 20-2 
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I -  CONTENT OF K O H D  AND K,CO.O IN INDIVIDUAL 

~- 

CELL MATERIAL 

6 AH GE S/N 2p 39.150 CYCLES ISHORTEDI 
37.726 CYCLES IFAlLEOl 

__e SEOUENCE OF CELL COMPONENTS - 
Figure  20-3 

CONTENT OF K O H Q   A N D  K,CO,O  IN  INDIVIOUAL CELL MATERIAL 

6 AH GE S IN  9 - 2 UNCYCLED 1 
40 """"""""""- Av  TOTAL = 34.01 

- SEOUENCE OF CELL COMPONENTS- 

F i g u r e  20-4 
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PBI TREATED  POLYPROPYLENE  BATTERY  SEPARATOR 
S .  Ver zwyvelt 

Hughes  Aircraft 

As we completed our nylon  degradation  study,  we started to 
look for new  separator  replacements  in  nickel cadmium cells, and 
later in nickel  hydrogen cells. This paper is concerned with one 
of those replacement materials. It is a PBI treated polypropylene 
felt separator for nickel  cadmium cells. 

Some of the desired properties that we considered in  fabricat- 
ing the new separator material for Ni/Cd cells  were  good mechani- 
cal strength, good chemical  stability, good wettability to  the 
electrolyte, high electrolyte retention, and gas passage. 
Furthermore, we wanted all these properties  to be stable to the 
life  of  the Ni/Cd cell. This  is obvious. We felt with the  state 
of the art in nylon  separators, these parameters  were changing. 

State of art separators in use currently are nylon  felt and 
polypropylene  (PP) felt. Both  of these had  good mechanical pro- 
perties and good gas permeability. The  electrolyte  wettability 
and retention of  nylon is very good. However,  polypropylene it- 
self is intrinsically unwettable, and so it needed a wetting 
agent. That raised the problem of the stability of the wetting 
agent,  which  comes into the chemical stability. We feel  that 
nylon  has very marginal chemical  stability, and this  has been 
brought out in previous papers. The  carbonate problems associated 
in nickel electrode  failure  are  obvious by  now. The  chemical 
stability  of  the  polypropylene material itself is excellent, but 
the wetting agent on the material has very questionable stabil- 
ity. From our own experience, it washes off in acetone or in 
boiling water. It  even  comes  off  in repeated immersion in potas- 
sium hydroxide. 

The new material  that we came up with for Ni/Cd cells is a 
substrate  of polypropylene. The wetting agent is a PBI  surface 
coating. PBI (polybenzimidazole)  is unique in that it is  wettable 
and stable  in KOH. 

A generalized procedure for fabricating the separator is as 
follows. Basically,  we  immerse a clean  polypropylene  felt  in a 7% 
solution of  PBI, and remove the excess  PBI  solution by passing it 
through Teflon-coated rubber rollers or  by plotting. We  then im- 
merse it in a hot water bath to  precipitate  the  PBI  onto  the  poly- 
propylene fibers. The remaining water is dried off in an air oven. 

( Figure 21-1 ) 

Figure 21-1 shows  the  apparatus used to measure electrolyte 
distribution, and is primarily included to explain the data  shown 
in Figure 21-2. This  apparatus is generally used in the  industry 
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t o   m e a s u r e   e l e c t r o l y t e   d i s t r i b u t i o n   o f   t h e   c o m p o n e n t s .  I t  con- 
sists o f  a w e i g h t   t h a t  s i ts  upon a s tack of   components ,   which a r e  
s a t u r a t e d   w i t h   e l e c t r o l y t e ;   i n c r e m e n t s   o f   e l e c t r o l y t e  a r e  removed 
w i t h  a number  one  Bachman f i l t e r  paper,  a n d   t h e n   t h e   c o m p o n e n t s  
are w e i g h e d ,   t h e   w h o l e   t h i n g  reassembled and   t he   expe r imen t   gone  
t h r o u g h   i n  a s e r i e s  o f  s t eps .  

( F i g u r e   2 1 - 2 )  

T h i s   p r o c e d u r e   y i e l d s   c u r v e s  as shown i n   F i g u r e  21-2, i n   w h i c h  
t h e   t o t a l   e l e c t r o l y t e   i n   t h e   c o m p o n e n t  s t ack  is  p l o t t e d   a g a i n s t  
t h e   e l e c t r o l y t e   f o r  a c o m p o n e n t .   B a s i c a l l y ,  we a re  wi thdrawing  
e l e c t r o l y t e .  The n i c k e l   e l e c t r o d e   c o n t a i n s  i ts  e l e c t r o l y t e   v e r y  
well. O n l y   u n d e r   v e r y   s t a r v e d   c o n d i t i o n s   d o e s  it l o s e  i t s  elec- 
t r o l y t e .   P e l l o n   2 5 0 5 ,   t h e   n y l o n  we were u s i n g ,  s t a r t s  o u t   w i t h  
e x c e l l e n t   e l e c t r o l y t e   r e t e n t i o n  b u t  l o s e s  it r a p i d l y ,   w h i l e   t h e  
new s e p a r a t o r ,   p o l y p r o p y l e n e  P B I ,  s t a r t s  o u t  a t  a l o w e r   i n i t i a l  
e l e c t r o l y t e   r e t e n t i o n  b u t  i s  much more s t a b l e  i n  i t s  re lease  o f  
e l e c t r o l y t e .  

To look  a t  t h i s   g r a p h   i n   p e r s p e c t i v e ,   f r o m   o u r  own measure- 
ments  a t y p i c a l l y   l o a d e d   n y l o n  c e l l  has  a v a l u e   h e r e   o f   a b o u t  
15mg/cm2 of KOH per square c e n t i m e t e r   o f   s e p a r a t o r  , which i s  
a lmos t   a round  i t s  i n t e r s e c t i o n .   T h i s  is t y p i c a l l y   w h e r e   y o u   w o u l d  
make a new N i / C d  c e l l .  

I f  you c y c l e  t h e  b a t t e r y ,   t h e   n i c k e l   e l e c t r o d e   e x p a n d s ,  it 
i n c r e a s e s  i t s  void   vo lume,  t h e  l a r g e   p o r e  s t r u c t u r e  becomes a 
small p o r e   s t r u c t u r e   a n d   t h e r e  is a t e n d e n c y   t o   d r y   o u t   t h e  sepa- 
r a t o r .  You c a n  see t h e   o b v i o u s   a d v a n t a g e   p o l y p r o p y l e n e   h a s   o v e r  
P e l l o n .  I t  h a s  much more e l e c t r o l y t e   a n d   g i v e s  it u p  much more 
s l o w l y   t o   a n   e x p a n d i n g   n i c k e l   e l e c t r o d e .  

(Tab le  21-1 ) 

As f o r   t h e   s t a b i l i t y   o f   t h i s  new ma te r i a l ,  we have  run a 
number o f  t es t s  on i t .  I n  t h e  f i r s t  t e s t ,  w e  measured t h e   w e i g h t  
decrease a f t e r   r e a c t i o n   i n  34% a t  1 0 0   f o r  8 0  days .   "Powel l"  i s  
t h e   m a n u f a c t u r e r   o f   t h e  mater ia l .  I n  t h i s  c o n d i t i o n ,   t h e   s t a n d a r d  
P o w e l l   f e l t  as r e c e i v e d   l o s t  3% o f  i t s  w e i g h t ,   w h i l e  PBI impreg- 
n a t e d   P o w e l l   f e l t   l o s t  a l i t t l e  ove r  4 %  o f  i ts  we igh t .  I might  
s a y   s o m e t h i n g   a b o u t  PBI c l o t h .  I ts  ma in   manufac tu re r  i s  C e l a n e s e  
C o r p o r a t i o n .   T h e y   f a b r i c a t e   t h e  mater ia l  f o r  a f i r e - r e t a r d a n t  
garment ,   and  so,  when i t  is s o l d   c o m m e r c i a l l y  it i s  g o i n g   t o  be 
much more   i nexpens ive   t han  it is a t  p r e s e n t .   T h e   c l o t h   i t s e l f  
l o s t  9 . 6 %  of  i t s  w e i g h t .   I n   b o t h  cases t h e   p o t a s s i u m   h y d r o x i d e  
had a l i g h t   y e l l o w   t i n t   t o  i t .  I s h a l l  come back t o   t h i s   y e l l o w  
t i n t   s o l u t i o n   i n   F i g u r e  21-5. 
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I f   y o u   c o m p a r e   t h e   s t a b i l i t y   o f   t h e s e   p o l y p r o p y l e n e  PBI mater- 
i a l s  w i t h   t h a t   o f   n y l o n ,   n y l o n   i n   c o m p a r a b l e   c o n d i t i o n s   w o u l d   b e  a 
t o t a l   l o s s   a f t e r  80 d a y s .   T h e   o n l y   f i b e r s   t h a t  were l e f t  would  be 
f l o a t i n g   i n   t h e   s o l u t i o n .  I t  wou ld   l o se   10%  o f  i t s  w e i g h t   i n  
3 days ,   and  6 0 %  i n   1 0   d a y s .  

A s  f a r  as t h e   e l e c t r o l y t e   r e t e n t i o n   i n  terms o f   l o n g  term 
s t a n d i n g   i n   t h e   b a t t e r y ,   a f t e r   t h e   f i r s t   r e a c t i o n   t h e   e l e c t r o l y t e  
r e t e n t i o n  is  s t i l l  g o o d   ( b e t t e r   t h a n   n y l o n   u n d e r   t h e   c o n d i t i o n s  
f o r   m e a s u r i n g   h e r e   v e r s u s   t h e   p o l y p r o p y l e n e  PBI s e p a r a t o r   b e f o r e  
t h e   e x p e r i m e n t ) .  On t h e   b o t t o m   t w o   l i n e s  we have  a d i f f e r e n t  
p o l y p r o p y l e n e   s u b s t r a t e  mater ia l .  I ts  r e s u l t s  a r e ' m u c h   t h e  same. 
I t  h a s  a s l i g h t   l o s s   o f   r e t e n t i o n ,   b u t   v a s t l y   i m p r o v e d   o v e r  
n y l o n .   F u r t h e r m o r e ,   t h e  l a s t  t w o   l i n e s  a r e  f o r  mater ia l  under  a 
d i f f e r e n t  tes t .  They were a t  1 1 0  in   an   oxygen   a tmosphe re   ove r  
t h e   p o t a s s i u m   h y d r o x i d e   f o r   1 7   d a y s .  

( F i g u r e   2 1 - 3 )  

A s  a v i s u a l   d e m o n s t r a t i o n ,   t w o  c e l l s  t h a t  were h e l d  a t  80 f o r  
26 d a y s .  The  upper c e l l  h a s  a n y l o n   s e p a r a t o r   a n d   t h e   b o t t o m   h a s  
p o l y p r o p y l e n e  PBI.  The n y l o n   s e p a r a t o r  is d i s i n t e g r a t i n g ;  i t s  
m e c h a n i c a l   s t r e n g t h  is r e a l l y  q u i t e  l i m i t e d  now. You c a n  see 
f r a g m e n t s   o f  it a d h e r i n g   t o   t h e   p o s i t i v e   e l e c t r o d e .  The p o l y -  
propylene   PBI ,   however ,  i s  r e a l l y   i n   e x c e l l e n t   c o n d i t i o n .  I t  is 
a lmost   unchanged.  

(F igu re   21 -4 )  

Now t h e   q u e s t i o n  a r i s e s  a s  t o  how t h i s   a c t u a l l y   w o r k s   i n   t h e  
c e l l .  Is i t  a g o o d   s e p a r a t o r   f o r   a p p l i c a t i o n   i n   b a t t e r y   c e l l s ?  
The c u r v e  shown i s  F i g u r e  21-4 i s  g e n e r a t e d  by u s i n g  GE 24A h 
c h e m i c a l   d e p o s i t e d   n i c k e l   e l e c t r o d e s .  We f a b r i c a t e d   b o i l e r p l a t e  
c e l l s  w i t h   p o l y p r o p y l e n e  P B I  s e p a r a t o r s ,   w i t h   s e p a r a t o r   s p a c i n g   o f  
274 m .  AS e l e c t r o l y t e   l o a d i n g  i s  i n c r e a s e d ,  w e  have  a well-  
c o n t r o l l e d   m e t h o d   o f   l o a d i n g .  As y o u   i n c r e a s e   t h a t ,   t h e   c a p a c i t y  
C a t  about   2 .75  mils l e v e l s   o f f .   T h i s  is r a t e d   t o  be  120 
minu tes .  We a re  well a b o v e   r a t e d  a t  abou t   2 .75  mils. 

W h i l e   t h e   i n t e r n a l   r e s i s t a n c e  R o f   t h e s e  c e l l s  by AC impedance 
m e a s u r e m e n t   l e v e l s   o f f  a t  t h e  same p lace ,  t h e y   c o i n c i d e .  The 
p r e s s u r e   l e v e l s  P b u i l t   u p  as y o u   i n c r e a s e   t h e   l o a d i n g ,  come i n  a t  
a b o u t  3 mils. For   compar i son ,   ny lon   has   ve ry   comparab le   cu rves ,  
except t h a t   t h e   p r e s s u r e   b u i l d u p  i s  more  abrupt .   The ac tua l  re- 
s i s t a n c e   h e r e  is h i g h   b e c a u s e  it is m e a s u r e d   i n   t h e  a c t u a l  b o i l e r -  
p l a t e  c e l l ,  and is r e l e a s e d  a t  t h e   b o i l e r p l a t e  -- o r   t h e   v a s t  ma- 
j o r i t y   o f   t h i s   r e s i s t a n c e ,   t h e   s e p a r a t o r ,   t h e  a c t u a l  e l e c t r o d e  
stack a c t u a l l y   h a s  a f e w   m i l l i o h m s   r e s i s t a n c e .  

( F i g u r e  21-5) 
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Figure 21-5 shows the  work  being  conducted at the Space and 
Communications Facility at El Segundo. These were cells fabricat- 
ed  for Hughes by General Electric with our separators and some 
other  variables. This graph is included  for three points.  It 
shows a charge, and  end of charge, and the discharge voltages 
after the fifth eclipse season. These are  in geosynchronous 
orbits in accelerated-type tests. It basically shows that  the 
polypropylene  battery is a workable  battery.  It is very compar- 
able to nylon after  the fifth eclipse season. Also, one of the 
purposes of this test is that in  the tenth or twelfth eclipse 
season, we expect to see  the  nylon  battery  fall  out. As nylon 
degrades, we expect to see that perhaps the nickel electrode  will 
fail; we expect the polypropylene to keep going until  some  other 
mechanism  has its effect. 

The  third point is that there  was one a yellow solution  tint 
on reaction  for 80 days at 100% in 3 4 %  KOH. After  the  fifth 
eclipse seasons, we  have seen no effect .of that small soluble com- 
ponent of PBI. As you can see now, there  is no catalytic effect 
due  to  the  PBI.  It is used  as a wetting agent on  the  poly- 
propylene. 

DISCUSSION 

GASTON:  At what temperature did you conduct an  accelerated 
life  testing? Was it also 80 C? 

VERZWYVELT: That test is actually being  carried out at El 
Segundo. I really do not wish to talk  much about it, other  than 
to mention  the  three points that we have now. There is some 
degree of temperature acceleration. If somebody responsible at El 
Segundo wishes to talk  more  about  the particulars of that, he is 
welcome  to  do so.  

GASTON: If I use  the polypropylene material, the  temperature 
becomes  very  important. Certainly, if I raise  the temperature of 
polypropylene  it  will outperform nylon. 

VERZWYVELT: There might be some embrittlement, but  it depends 
on the temperature you go to. 

LEAR:  Did you treat the polypropylene separator  with  heat 
treatment  before you used  it? 

VERZWYVELT: No.  All  we did to the polypropylene material  is 
to  remove Herculon 90 Surfactant with acetone or with  boiling 
water. 
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SCHEMATIC DRAWING OF 
ELECTROLYTE DISTRIBUTION 
MEASUREMENT APPARATUS 

PLEXI-GI .ASS  SUPP( 

TEFLON 
DISKS - 

ILESSSTEEL 
N  AND  WEIGHT 

I COMPONENT 
STACK 

A NICKEL  ELECTRODE 
PELLON  2505 

50 100 

TOTAL  WEIGHT OF 31 X KOH  IN STACK, mglcm2 

3 O r A  

40 

20 

A NICKEL  ELECTRODE 
PELLON  2505 

v PP-PBI 

NI-ELECTRODE -c- -- - 
s 

PP-PBI 

Y 
0 

PELLON 2505 

50 100 

TOTAL  WEIGHT OF 31 X KOH  IN STACK, mglcm2 

ELECTROLYTE 
DISTRIBUTION 

IN A MULTI- 
COMPONENT 

STACK 

Figure 21-2 
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'' ' VISUAL  COMPARISON OF SEPARATOR 
;, DEGRADATION IN BP  CELLS  AT 80 "C IN 26 DAYS 
x' < 

. ,  

A. NYLON 

6. PP-PBI 

F i g u r e  21-3 

EFFECT OF ELECTROLYTE LOADING 
ON CELL CAPACITY, 

INTERNAL RESISTANCE AND PRESSURE LEVEL 

C  IMIN. OF C12 DISCHARGE1 - CELL:  NI-Cd B P I  

WITH PP-PBI SEPARATOR W I T H  
274pISEPARATOR  SPACING 

C:  CAPACITY 

R INTERNAL  RESISTANCE 

P  PRESSURE  LEVEL  AT  CllO RATE 
64 HOUR  CHARGE 

2 0  - 

2.0 2.5 3.0 3.5 

ELECTRQLYTE  LOADING,  MPIAH 

C  IMIN. OF C12 DISCHARGE1 - CELL:  NI-Cd B P I  

WITH PP-PBI SEPARATOR W I T H  
274pISEPARATOR  SPACING 

C:  CAPACITY 

R INTERNAL  RESISTANCE 

P  PRESSURE  LEVEL  AT  CllO RATE 
64 HOUR  CHARGE 

2 0  - 

0 I J 
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ELECTRQLYTE  LOADING,  MPIAH 

F i g u r e  21-4 
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ACCELERATED LIFE  TEST DATA 
12AH CELLS 

I. 

1.400 ECOV AT 1.2 A -HI CELL 

EODV AT 6.0 A - LO CELL 

1.075 

1.050 

0 5 10 15 20 25 30 35 40 45 

ECLIPSE DAYS 

Figure 21-5 

STABILITY OF PBI 

WEIGHT  DECREASE  AFTER  REACTION I N  34 % KOH  AT 100°C  FOR 80 DAYS 

PP-FELT  (POWELL A W  = 3.0 % 

PBI-CLOlH 

PP-PBI (POWELL) A W  = 4.4 % 

PELLON 2505 TOTAL LOSS ( A W  = 10 % IN 3 DAYS 

~w = 9,6 % ] YELLOW  KOH  SOLUTION 

60 % IN 10  DAYS] 

11. ELECTROLYTE  RETENTION.O/W 

PP-PBI (POWELL) 

PELLON  2505 34 % 
96 % 

PP-PBI (POWELL1 AFTER  HEATING  IN KOH. 62 % 
PP-PBI (GAF) 142% 
PP-PBI IGAFI  AFTER  HEATING  IN KOH.' 110 % 

* 80 DAYS IN 34% KOH  AT lW°C IN N2 atm 

'* 17 DAYS IN 31% KOH  AT llO°C IN O2 atm 

Table 21-1 
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I 

LIGHTWEIGHT  50A H CASE  DESIGN 
L.  Miller 

E a g l e   P i c h e r  

A s  t h e  t i t l e  i n d i c a t e s ,  my p r e s e n t a t i o n  i s  c o n c e r n e d   w i t h  a 
p r o g r a m   t o   d e v e l o p  a l i g h t w e i g h t  50A h c e l l  case. T h i s   c o u l d   b e  
c o n s i d e r e d   a n   e x t e n s i o n   o f  some   s even-yea r -o ld   t echno logy   t ha t  w e  
d e v e l o p e d   b a c k   i n   t h e  NATO 3 days ,   wh ich  we f a b r i c a t e d  i n  house .  
We d e v e l o p e d   v e r y   l i g h w e i g h t  c e l l  cases,  a n d   i n c o r p o r a t e d   t h i n   o r  
small l i g h t w e i g h t   t e r m i n a l   a s s e m b l i e s   w i t h   t h e s e   t o   a c h i e v e   h i g h  
e n e r g y   d e n s i t y .  

T h i s  was a v e r y  small c e l l ,  under  20A h. When w e  t r i e d   t o  
scale it t o   t h e   l a r g e r  50A h c e l l ,  we e n c o u n t e r e d  a few problems 
p r i m a r i l y   a s s o c i a t e d   w i t h   t h e   w i d t h   o r   t h i c k n e s s   o f   t h e  c e l l .  
When y o u   h a v e   l a r g e  a reas  o f   t h i n  mater ia l  i n  a f l a t   g e o m e t r y   d u r -  
i n g  a p r e s s u r i z a t i o n   p a r t   o f   t h e   o v e r c h a r g e ,   d e f l e c t i o n   o r   r o u n d -  
i n g  of t h e s e   s u r f a c e s   t e n d   t o   o c c u r .  I t  d o e s   n o t   l o o k   v e r y   g o o d .  
I n   t h e   b a t t e r y  s t r u c t u r e  y o u   m i g h t   g e t  some pressure  on  some  of 
t h e   s u p p o r t   m e m b e r s   t h a t   t e n d   t o   g e t  a l i t t l e  d i s p l a c e m e n t .   I f  
one  of t h e s e   u n i t s   c o m e s   o u t ,   y o u   c a n   p r o b a b l y   a n t i c i p a t e   e a r l y  
b a t t e r y   p e r f o r m a n c e   d e g r a d a t i o n s .  You h a v e   t o   d o   s o m e t h i n g   a b o u t  
t h e  s t r u c t u r e s ,  the   suppor t   mechanism,   and   F igure   22-1  w i l l  show 
y o u   t h e   a p p r o a c h   t a k e n .  

(F igu re   22 -1 )  

The c e l l  on t h e  l e f t   h a s   w h a t  w e  c a l l  a s t r e n g t h e n i n g   r i b  
a r o u n d   t h e   o u t s i d e   o f   t h e   c o n t a i n e r .   F o r   c o m p a r i s o n ,  a s t a n d a r d  
c e l l  i s  shown  on t h e   r i g h t .  I t  is  a c t u a l l y  a l i t t l e  t a l l e r ,  and 
h a s   s l i g h t l y   h i g h e r   c a p a c i t y ,   b u t  w i l l  s e r v e   f o r   t h e   p u r p o s e   o f  
c o m p a r i s o n .   S t a t i s t i c a l l y ,   t h e   p u r p o s e   o f   t h e   p r o g r a m  was t o   r e -  
d u c e   t h e   w e i g h t   i n   t h e  c e l l  c o n t a i n e r ,   a n d   a l s o   t o   i n c o r p o r a t e   t h e  
compress ion  seals  t h a t  you see o n   t h e  c e l l  o n   t h e   l e f t ,   w h i c h  was 
s t a n d a r d   d e s i g n   i n   o u r   n i c k e l   h y d r o g e n  c e l l s .  

Des ign   geometry  is b a s i c a l l y   t h e   s t a n d a r d  NASA 50A h geomet ry ,  
rough ly  4 88 i n  is a p p r o x i m a t e l y  55A h.  The  program was c a r r i e d  
o u t  w i t h  NASA/Goddard u n d e r   t h e   d i r e c t i o n   o f  Mr. H a l p e r t .  The 
mater ia l  was 304L; it was 1 2  mils i n   t h i c k n e s s .  The f a b r i c a t i o n  
was e n t i r e l y   d o n e   i n - h o u s e  a t  E a g l e   P i c h e r ,   i n c l u d i n g   t h e  termi- 
n a l s   a n d   t h e   c o m p r e s s i o n  seals .  T h i s   a l l o w s  u s  much b e t t e r  
c o n t r o l   o v e r   t h e   p r o d u c t i o n   s c h e d u l i n g   p r o c e s s .  

As f o r   t e s t i n g ,   t h e   u n i t   h a s   a c t u a l l y   b e e n   p r e s s u r i z e d   t o  
1 0 0  p s i g .   T h e   d e f l e c t i o n   m e a s u r e d  i s  c o n s i d e r a b l y  less. We cer- 
t a i n l y   d i d   n o t   a c h i e v e   t h e   y i e l d   p o i n t   o f   t h e  mater ia l .  I t  is 
c o n s i d e r a b l y  less t h a n   t h e  much t h i c k e r   s t a n d a r d  c e l l ,  which is 
a round  25 mils. There  is ,  however ,  a p rob lem  wi th  it. The f i r s t  
d e s i g n  we came up w i t h   d i d   n o t  work s o  well. It a c t u a l l y   s h o w e d  a 
d e f l e c t i o n   o f   b o t h   t h e   c o v e r   a n d   t h e   b o t t o m   o f   t h e   a s s e m b l y .  

I 
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(F igu re   22 -2 )  

We packaged  u p  o n e   o f   t h e  t e s t  u n i t s  back t o  Mr.Halpert; h e  
and h i s   a s s o c i a t e s  d i d  a s t r u c t u r a l   a n a l y s i s   a n d  were able t o  
p o i n t   o u t   t h e   e r r o r   i n   o u r   w a y s .  We had t o  move t h o s e  r i b s  o u t  as 
c l o s e   t o   t h e   e d g e  of t h e   c o n t a i n e r  a s  t h e   t u n i n g   w o u l d   a l l o w .  
Then we had t o  p u t  more r i b s  o n   t h e   c o v e r   a s s e m b l y ,   p a r t i c u l a r l y  
a r o u n d   t h e   t w o   t e r m i n a l  areas .  

As f o r   a c h i e v e m e n t ,   t h i s  case weighs   approximate ly   1509.  You 
c o u l d   c o n s i d e r  t h e  s t a n d a r d  c e l l  case t o  weigh  around  300g, maybe 
a l i t t l e  more ,   depending   on  t h e  t e r m i n a l   a s s e m b l y .   I f   y o u  add 
t h i s  u p  on a 2 2 - c e l l   b a t t e r y ,   y o u   h a v e  a sav ing   o f   a round   3 .3kg  
(7 .25  l b )  which is s i g n i f i c a n t .  However, when you place a number 
o f  b a t t e r i e s  on a s a t e l l i t e ,  t h e s e   v a l u e s  add u p  q u i t e  q u i c k l y .  

J u s t  as  a n   e x a m p l e ,   o n   t h e  25kw power  module  program,  where 
you   might  assume t h e r e  were t o  be 6 0  or 70 b a t t e r i e s ,   y o u   c o u l d  
p r o b a b l y   a n t i c i p a t e  a w e i g h t   s a v i n g   o f   a b o u t   2 2 7 k g   ( 5 0 0  l b ) .  

D I S C U S S I O N  

TASEVOLI:  Have  you  done  any c e l l  b u r s t  pressure measurements  
o n   t h e  c e l l  d e s i g n ?  

MILLER: We may have ,  b u t  I d o   n o t   h a v e   t h a t   i n f o r m a t i o n   w i t h  
me. The l a s t  time I t a l k e d  t o   t h e   p e o p l e   i n  t h a t  g r o u p   t h e y  were 
d o i n g  some  work i n   t h a t  area.  

GOLER: Could we c o m p a r e   t h e   d e f l e c t i o n  of  t h e   n a r r o w   e d g e   o f  
t h i s  1 2  m i l  c a n   w i t h   t h e  dimples w i t h  a 1 2  m i l  c a n   w i t h o u t   t h e  
d imples?  

MILLER: I c o u l d ,  b u t  I d o   n o t   h a v e   t h e  da t a  here .  We have  
done t h a t .  

HALPBRT: I s h o u l d   s a y  it expanded l i k e  a b a l l o o n .  I t  became 
t r a p e z o i d a l  r a t h e r  t h a n   s q u a r e ;   a n d   t h i s   t h i n g   s t a y e d   s q u a r e  w i t h  
1 0 0  p s i .  

GOLER: What's t h e   p o s s i b i l i t y   o f   g o i n g   w i t h  -- 
MILLER: It is a ve ry   obv ious   improvemen t .  As Mr. Halpert 

s a i d ,  even  t h e  heavy-duty  case would swell up .  T h i s   o n e   s t a y e d  
v i r t u a l l y   f l a t .  

GOLER: Would i t  be p o s s i b l e   t o   g o   t o   a n  8 m i l  m a t e r i a l   t h e n  
and still  have  s u i t a b l e  pe r fo rmance?  
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MILLER: It  is possible. You  just  have the simple  fabrica- 
tion, the welding of  the  thin material. We found out,  owing to the 
NATO  program, making some  1200  cells,  that we could essentially 
weld 12 mil material. You start  getting more problems with thin- 
ner material. 

GASTON: Is  the cover also made of 12 mil material? During 
the testing, do  you have to strain  all  six sides? 

MILLER: The cover is also 12 mil material. In the  NATO  de- 
sign it was  15  mil, and the remainder of the container was 
12 mil. The only side  supporting  are the  two major flat sides. 

LIM: I should just  like to make a comment on a question for 
the  previous 

It was  not the reluctance of our answer or anything. The 
point of the Figure 21-5 was that the PBI has enough stability for 
the  stoichiometric,  that  much of the  small amount of the  weight 
decrease. Even though the total  product  is affecting the mater- 
ial balance it does  not  have  enough change. It is therefore safer 
from that standpoint. There is still a question  about  the stabil- 
ity of PBI because of the small  amount of PBI  going into the  solu- 
tion to make the color yellow. 

Someone might say  that could give a catalytic  effect, and some 
of the battery data  are  up to five  eclipse seasons. The  equiva- 
lent position compared with nylon  shows  no  adverse effect. We  are 
quite convinced that it does  not  give  any adverse catalytic ef- 
fect. That  was  the  point of Figure 21-5. 
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Figure 2 2 - 1  

Fiqure 22-2 
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ANATOMY OF A SHORT 
w.  Scot t  

TRW, Inc . 

Some time  ago we had occasion  to  do some t e s t i n g ,  under severe 
condi t ions,  of ba t t e r i e s   con ta in ing   n i cke l  cadmium c e l l s ,   t o  see 
whetheE we could  simulate some strange  behavior  that  w e  observed 
i n  o r b i t .  We d i d  manage to   cause  one  permanent  hard s h o r t  i n  a 
c e l l  and severa l   o ther  less permanent   so-cal led  sof t   shorts .  

I s h o u l d   l i k e   t o  show  you the   r e su l t s   o f  some teardown t h a t  w e  
d i d  both on t h e   c e l l  w i t h  the   hard   shor t ,  and  on  some t h a t  d i d  not 
show such  hard  shorts. 

(Figure 23-1) 

Figure 23-1 shows how one  edge  of  the  hard  shorted  cell  looked 
when the pack was f i r s t  removed from the  case.  The case is shown, 
as  are  the  header and the comb. Note the  area  here where the  
separator  is: that  melted  completely. Whether it i s  burned  or  not 
i s  a l i t t l e  hard to   determine.  

(Figure 23-2) 

The other   s ide of t h a t  same c e l l  looked  the same (Figure 
23-2). The sepa ra to r s  were i n  e s s e n t i a l l y  new condi t ion,  and 
there  was nothing much l e f t  -- a t   l e a s t  on the  outer  edges  of  the 
several   p la tes   near   the  center  of the  pack. 

We d i d  take   the   p la te   s tack   apar t ,   no t  by simply  pull ing  the 
va r ious   p l a t e s   apa r t   a s  is  often  done, b u t  by c a r e f u l l y   c u t t i n g  
around  the  edges  of a l l   t h e   s e p a r a t o r  bags w i t h  an e l e c t r i c a l l y  
heated  knife, s o  t h a t  we d i d  no t   phys ica l ly   d i s turb   the  b u l k  of 
the  separator  on the   nega t ive   p la tes .  The separator  was, indeed, 
qu i te   s tuck   to   the   nega t ive   p la tes ,   a f te r   severa l   thousand 
cycles .  And s o ,  using  an ohm meter, we began peel ing  off  one 
p la te   a f te r   another  u n t i l  we came to   t he   p l ace  where the   shor t  was 
located.  

(Figure 23-3 1 

Figure 23-3 shows t h e  two p l a t e s  between which the   sho r t  had 
occurred. The spot   corresponds  to  t h e  p l ace   t ha t  we f i n a l l y   l o -  
cated between these  two where t h e  sho r t  had actual ly   occurred.  A s  
you can see ,   there  is a burn  spot,  .or  hot  spot,  whatever you want 
t o   c a l l  it. Actual ly ,  t h i s  spo t   pe rpe t r a t ed   i t s e l f   s eve ra l   p l a t e s  
out  i n  each   d i rec t ion  from t h i s  one c e n t r a l   p a i r  of p l a t e s  where 
the  short  occurred  because  of t h e  l a rge  amount of heat  generated 
when the  cel l   d ischarged  through  the  short .  
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By t h e  way, t h e  c e l l  was f u l l y   c h a r g e d  a t  t h e  time t h e   s h o r t  
o c c u r r e d  . 

( F i g u r e  23-4) 

F i g u r e  23-4 s h o w s   t h e   o t h e r   s i d e   ( t h e   p o s i t i v e   p l a t e  s i d e )  o f  
t h a t  pa i r  o f  p la tes .  You can  see some o f   t h e   s e p a r a t o r   t h a t  was 
s t u c k  t o  t h i s  p o s i t i v e  p l a t e  f r o m   t h e   o p p o s i n g   l a y e r   o f   s e p a r a t o r  
mater ia l .  The re  i s  a l s o  some i r o n   o x i d e ,   a r i s i n g   f r o m   t h e   e f f e c t  
of a g r e a t   a m o u n t   o f   h e a t   g e n e r a t e d   o n   t h e   i r o n  s u b s t r a t e  mater ia l .  

We t h e n   t o o k  t h e  p a i r  o f   p l a t e s   b e t w e e n   w h i c h   t h e   s h o r t   o c -  
c u r r e d ,  d r i e d  them,  vacuum  impregnated  them  with a r e s i n ,   a n d   d i d  
some m e t a l l o g r a p h i c a l   c r o s s   s e c t i o n s .   F i n a l l y ,  we a r r i v e d  a t  
F i g u r e  23-5. 

( F i g u r e  23-5) 

The  lower p l a t e  is t h e   p o s i t i v e   a n d   t h e  upper o n e   t h e   n e g a -  
t i v e .   T h a t   t h i n g   t h e r e  is t h e  cause o f   t h e   s h o r t .  We were some- 
w h a t   s u r p r i s e d  t h a t  it looked  l i k e  it d i d ,  a n d   t h a t  w e  d i d   n o t  see 
any   more   hea t   damage   in  t h e  s u r r o u n d i n g  areas .  However, we d i d  
v e r i f y  by u s i n g  a mic roprobe   and   measu r ing   r e s i s t ance   be tween ,  
s a y ,   t h a t  area a n d   t h e   p l a t e s   o n   e i t h e r  s ide ,  t h a t   t h e r e  was some- 
t h i n g   o f   t h e   o r d e r   o f  a 1 ohm e l e c t r o n i c   p a t h   b e t w e e n   t h a t   l u m p  
a n d   t h e   a d j o i n i n g  p l a t e s .  Because o f   t h e  f a c t  t h a t  w e  d i d   n o t  see 
much p h y s i c a l   d a m a g e  a t  t h a t  area i n   c o m p a r i s o n   w i t h   t h e   d a m a g e  
t h a t  I showed  on   those   o ther   two p l a t e s  o n   t h e   o u t s i d e   w h e r e   t h e  
h e a t  had p e n e t r a t e d ,  w e  suspected t h a t  t h i s  p a r t i c u l a r  l u m p ,  a l -  
though   caus ing  a s h o r t  a t  t h e  moment, was n o t   t h e   p r i m a r y  cause of  
t h e   s h o r t   o f   t h e  c e l l .  U l t i m a t e l y  w e  c o n c l u d e d   t h a t   t h i s   p a r t i c l e  
h e r e  was a s e c o n d a r y   e f f e c t   d u e   t o   t h e   s p a t t i n g   o f  a c h u n k   o f   t h e  
n e g a t i v e  p l a t e  mater ia l  f r o m   t h e   u n d e r s i d e   o f   t h i s  p l a t e ,  a n d   t h e  
l o d g i n g   o f   t h i s   l a r g e   c h u n k   b e t w e e n   t h e   t w o  p l a t e s .  By v a r i o u s  
p r o c e s s e s   o f   d e d u c t i o n  w e  c o n c l u d e d   t h a t  t h e  s h o r t   h a d   r e a l l y   o c -  
c u r r e d   b e t w e e n   t h i s  p l a t e  a n d   t h e   u p p e r   o n e   t h r o u g h   t h e   b i g  l u m p  
o f  mater ia l .  Because o f   t h e   d a m a g e   t h a t   h a d   o c c u r r e d   d u r i n g   t h e  
s h o r t i n g   a c t i o n ,   t h a t  pa r t i cu la r   a r ea  o f   s h o r t   h a d   b u r n e d   i t s e l f  
f r e e   a n d  had produced  a s e c o n d a r y   s h o r t ,   w h i c h  was more  permanent.  

We t h e n   r e m o v e d   t h e   p o s i t i v e  p l a t e  t h r o u g h   w h i c h   t h e   o r i g i n a l  
s h o r t  had   occu r red .  We were d o n e   o u t   o f   a r r i v i n g  a t  t h e   t r u e  
s o u r c e   o f   t h e   s h o r t  by t h e   f a c t  t h a t  t h a t  p a r t i c u l a r  s h o r t   h a d  
disappeared. 

( F i g u r e  23-6) 

We t h e n  made a more c a r e f u l   e x a m i n a t i o n   o f   t h a t  c e l l ,  and 
o t h e r  c e l l s  t h a t   h a d   g o n e   t h r o u g h  a s imi la r  t y p e   o f   t e s t i n g ,   t o  
see i f  we c o u l d   d i s c o v e r  t h e  u l t imate  cause o f   t h e   s h o r t .   F i g u r e  
23-6 shows   one   o f   t he  p l a t e s  t h a t   h a d   s o m e t h i n g  a l i t t l e  spec ia l .  
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I n   g e n e r a l ,  we f e l t   t h a t   t h e   o v e r a l l   c o n d i t i o n   o f   t h e  separa- 
t o r s   i n   t h e s e  c e l l s  was e s s e n t i a l l y  as new, e x c e p t   f o r  a few 
s p o t s .  One o f   t h o s e   s p o t s  is p r e t t y  small, b u t  it is  f a i r l y   s i g -  
n i f i c a n t .  We a c t u a l l y   m i s s e d   t h a t   s p o t  when we f i r s t   s o r t e d  
t h r o u g h   t h e  c e l l ,  because  it is so  small. We f i n a l l y   f o u n d  it by 
s c a n n i n g   w i t h  a s t e r e o m i c r o s c o p e  a t  a b o u t  5 power. 

( F i g u r e  23-7 

I f   you   l ook  a t  t h e   s p o t   u n d e r   a b o u t  20 p o w e r   m a g n i f i c a t i o n ,  it 
l o o k s  l i k e  F igu re   23 -7 ,   where   t ha t  is p r i m a r i l y  a g rowth   o f   cad -  
mium c o m i n g   t h r o u g h   t h e   s e p a r a t o r .  

(F igu re   23 -8 )  

Looking a t  it under  a s c a n n i n g   e l e c t r o n m i c r o s c o p e ,  i t  is  n o t  
t o o   d e f i n i t i v e ;  it is shown i n   F i g u r e  23-8. 

I s h a l l   n o t   g o   o n   t o  comment i n   a n y   d e t a i l  a t  p r e s e n t .  How- 
e v e r ,  we a r e  m a i n l y   t r y i n g   t o   u n d e r s t a n d   t h e   p h y s i c a l   c h a r a c t e r i s -  
t i c s  o f   t h e  p a r t i c u l a r  k i n d   o f   g r o w t h   t h r o u g h   t h e   s e p a r a t o r   t h a t  
might  cause t h i s   k i n d   o f   s h o r t .  

( F i g u r e  2 3 - 9 )  

F i g u r e  23-9 ,  by t h e  way,   shows  one   o f   the   o ther  p l a t e s  from 
t h a t  c e l l  t h a t   h a d   t h e   b u r n e d   e d g e s .  As you  can see, t h e   w h o l e  
t o p   o f   t h e   s e p a r a t o r s   m e l t e d   o f f   t h e   w h o l e   t o p   o f   t h e  p l a t e .  We 
b e l i e v e   t h a t   t h i s   e f f e c t  was produced  when t h e  c e l l  d i s c h a r g e d  
t h r o u g h   t h e   s h o r t   a n d   t h e   v e r y   h i g h   c u r r e n t   t h a t   p a s s e d   t h r o u g h  
t h e   t a b s   h e a t e d   u p   t h e   t a b s   i n   t h e   t o p   o f   t h e  p l a t e  t o   t h e   e x t e n t  
t h a t   t h e   s e p a r a t o r   m e l t e d .  

You can  see ,  o n   t h i s   p a r t i c u l a r  p l a t e ,  a n o t h e r  l i t t l e  s p o t  
which is shown a t  h i g h e r   m a g n i f i c a t i o n   i n   F i g u r e  23-10. 

( F i g u r e  23-10 1 

Now we a r e  b e g i n n i n g   t o  see s o m e t h i n g   s t r u c t u r a l l y   s i g n i f i -  
c a n t .  You can  see whole a r eas  here   where   the   cadmium,   o r   whatever  
it is  t h a t  is  g r o w i n g   t h r o u g h   t h e   s e p a r a t o r ,   c o m p l e t e l y   o b s c u r e s  
t h e   s e p a r a t o r   f i b e r s .  

I n t e r e s t i n g l y   e n o u g h ,   o p p o s i t e   t h i s  area and a number o f   o t h e r  
a reas ,  t h e r e  was no v i s i b l e   e f f e c t   o n   t h e   p o s i t i v e  p l a t e  s u r f a c e .  
There  was t h e n   e s s e n t i a l l y   a n   a l m o s t   c o n t i n u o u s  cadmium  compound 
p a t h   f r o m   t h e   n e g a t i v e   t o   t h e   p o s i t i v e ,   a n d   y e t   a p p a r e n t l y  no 
e l e c t r i c a l  p a t h  was d i s c e r n i b l e  a t  t h a t  time. 

(F igu re   23 -11)  
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Figure 23-11 shows  something  a  little  more extensive. Actu- 
ally, under a  microscope you  can  see  that there  was  an  actual  hole 
burned in  this one. 

(Figure 23-12) 

There  is  a big chunk of separator missing. In this  case  we 
found pieces of separator  stuck  to  the  positive  plate opposite 
that hole. However,  on  this particular cell  there  was  no  sign of 
shorting electrically. 

( Figure 23-13 ) 

Figure 23-13 shows  a  photograph in through  the  hole  at  about 
250  magnification under a  scanning  electronmicroscope.  You  can 
see  that the fibers of the separator surrounding the hole appear 
to be in good condition. However, there is  a hole burned right 
through the separator  at  that spot. Again,  this  was  a  cell  that 
had not shorted  apparently  from  the  external  electrical behavior. 
It therefore looks  as though we had some particular form of cad- 
mium growth through the separator in these particular cells. 
There was  general  cadmium  deposition  in  the separator. However, 
in these particular spots  there was a  unique form of growth, which 
at least in one  case finally produced a  massive  short in the 
cell. We  do not  know what particular physical and chemical condi- 
tions are necesssary to convert  one of  these cadmium  growths  into 
a massive electric short. 

DISCUSSION 

THIERFELDER: What kind of tests  were you running that created 
the shorts? Were they overcharge tests? 

SCOTT: Yes. I think the essence of the stress  was that we 
were  simulating rather excessive  amounts  of  overcharge  at rela- 
tively high rates. For example,  the  control  conditions  were in- 
advertently (in the spacecraft  at  least)  allowing up to 130 - 150% 
overcharge  at  up to C/3 rates. 

LEAR:  For those fused plates,  where  the material was sticking 
to the positive plate, is it possible  that, when you were taking 
the compression  off  the  plates,  you  might  have pulled it loose 
rather than burned it loose? 

SCOTT: I do not think that  pulling could cause the sort of 
abrupt  termination of the separator fibers that were seen around 
those holes. When  you pull it loose  you  pull whole fibers  right 
out of the separator material. You  do not break them  off or 
truncate them, as we are  seeing around those holes. 
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LYONS: Was t h a t  a P e l l o n   e n v e l o p e ?  

SCOTT: Yes, t h a t  was a 2505. 

LYONS: Is it  p o s s i b l e ,   i n   t h e  a reas  w i t h   t h e   h o l e s ,   t h a t  
t h e r e  were w e a k  o r   t h i n   s p o t s   i n   t h a t   m a t e r i a l ?  

SCOTT: I suppose  it is p o s s i b l e .   H o w e v e r ,   t h e r e  was n o   e v i -  
d e n c e   o f   t h i n n e s s   i n   t h e   i m m e d i a t e   v i c i n i t y   o f   a n y  of t h o s e  
s p o t s .   T h e  mater ia l  was p e r f e c t l y   n o r m a l   r i g h t  u p  t o   t h e   v e r y  
e d g e   o f   t h o s e  areas.  

LYONS: Is it p o s s i b l e ,   t h e n ,   t h a t   t h e   p l a t e s ,   e i t h e r   t h e  
p o s i t i v e s  or t h e   n e g a t i v e s ,  were uneven,  and  owing t o   t h a t   p o s s i -  
b l y   c a u s e d  a s h o r t   b e c a u s e   o f   t h e   p r e s s u r e   b e t w e e n   t h e  
p l a t e s  o n   t h e   m a t e r i a l ?  

SCOTT: Yes, t h a t   c o u l d   c e r t a i n l y   b e  a c o n t r i b u t i n g  cause,  and 
it may be   impor t an t .   Ano the r  cause c o u l d   b e   o t h e r   k i n d s   o f  more 
l o c a l i z e d   f l a w s   i n   t h e   s u r f a c e :   s m a l l  bumps or   lumps   might  escape 
d e t e c t i o n   d u r i n g   t h e   i n s p e c t i o n   o f   t h e   p l a t e s   d u r i n g  c e l l  manufac- 
t u r e .  We a r e  a l s o   n o t   a b s o l v i n g   t h e   p o s i t i v e   p l a t e s   f r o m  some 
r o l e   i n   t h i s   p r o c e s s   b e c a u s e   o f   t h e   f a c t   t h a t  we saw s o  many o f  
t h e s e   a r e a s   w h e r e   t h e  cadmium s t r u c t u r e   h a d   b u i l t  a l l  t h e  way 
t h r o u g h   t h e   s e p a r a t o r   a n d   y e t   t h e r e  was n o   s h o r t i n g ,   t h a t  w e  s u s -  
p e c t   t h e r e   c o u l d   b e  a n e c e s s a r y   c o n t r i b u t i o n   f r o m   t h e   p o s i t i v e  
p l a t e  i n  j u s t  t h o s e  a reas  t h a t  we d i d   g e t   a n  ac tua l  s h o r t .  

HENDEE: I n   F i g u r e   2 3 - 1 3 ,   t h a t  i s  c r y s t a l l i n e   s t r u c t u r e   i n s i d e  
t h e   h o l e ,  is it n o t ?  

SCOTT : Yes. 

HENDEE: I assume t h a t  i s  c a u s i n g   t h e   s h o r t .  

SCOTT: O r d i n a r i l y   y o u   w o u l d   s a y  i t  was cadmium h y d r o x i d e ?  

HENDEE : Yes. 

SCOTT: Tha t ,   on  i t s  own, i s  n o n - c o n d u c t i v e .   T h e r e f o r e ,   t h e r e  
m u s t  b e   o t h e r   c o n s t i t u e n t s ,   a n d   p r e s u m a b l y  some conduc t ive   fo rm  o f  
cadmium is  a l so   i nvo lved .   However ,  it i s  n o t   o b v i o u s .  

HENDEE: Yes. I t  is  t h a t  now t h a t  you   have   d i sa s sembled   t he  
c e l l .  However, when it happened ,  i t  was n o t .  

SCOTT:  Of c o u r s e ,   t h a t  is t h e   p r o b l e m .  We d o   n o t  know what 
happens  when t h e  pressure o n   t h e   s e p a r a t o r s  i s  r e l e a s e d .  
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ACCEPTANCE TESTS AND MANUFACTURER RELATIONSHIPS FROM  THE 20A H 
STANDARD CELL DATA 

H.  Le ibeck i  
NASA/Le w i s 

T h i s  t a l k  will c o v e r   e s s e n t i a l l y   m u l t i b e a r i n g   n o n - p a r a m e t r i c  
d a t a   a n a l y s i s .  We a re  l o o k i n g  a t  t h e   a c c e p t a n c e  t e s t  d a t a  ac- 
q u i r e d   b y   C r a n e ,   b e c a u s e ,   w i t h  some i n f o r m a t i o n   f r o m   t h e m ,  we c a n  
s t a r t  some  more  work  on b a t t e r i e s   w i t h o u t   w a i t i n g   f o r  1 6 , 0 0 0  - 
30 , 000 c y c l e s .  

( F i g u r e   2 4 - 1 )  

Goddard   p l aced  a g r o u p   o f   s t a n d a r d  c e l l s  on  tests w i t h   f o u r  
m a n u f a c t u r e r s   t o  see i f   t h e r e  was e n o u g h   i n f o r m a t i o n  from t h e  ac- 
c e p t a n c e  t e s t  f o r   s e p a r a t i o n .   F i g u r e   2 4 - 1   s h o w s   t h a t   t h e   Y a r d n e y  
c e l l s ,  t h e  SAFT c e l l s ,  t h e  EP c e l l s  a n d   t h e  GE c e l l s  d o   c o n t a i n  
e n o u g h   i n f o r m a t i o n   f o r   s e p a r a t i o n   f r o m   1 7  t e s t  r e s u l t s   o n   a c c e p t -  
a n c e .  

( T a b l e  24-1) 

T h i s   a p p r o a c h  was t h e n   e x t e n d e d   t o  a n u m b e r   o f   p r o j e c t  c e l l s  
i n   a n   a t t e m p t  t o  c l a s s i f y   t h e m   a c c o r d i n g   t o   w h e t h e r   o r   n o t   t h e y  
f i t  i n t o   o n e  of t h e   f o u r   s t a n d a r d  c e l l  g r o u p s .  I t  i s  o b v i o u s   f r o m  
T a b l e   2 4 - 1   t h a t  some d o   f i t ,   b u t   t h a t   o t h e r s   d o   n o t .   F o r   e x a m p l e ,  
t h e   L a n d s a t  s a t e l l i t e  c e l l s  d o   n o t   f i t   t h e   s t a n d a r d ;   t h e   T e f l o n a t -  
e d   n e g a t i v e   e l e c t r o d e   g r o u p   o f  c e l l s  d o   f i t ;   t h e   s t r a t o s p h e r i c   a n d  
a e r o c e l l   g a s   e x p e r i m e n t   d o   n o t   f i t ;   a n d   t h e   t r a c k i n g   d a t a   r e l a y  
s a t e l l i t e  c o u l d   r i o t   b e   c l a s s i f i e d  as b e l o n g i n g  t o  o n e   o f   t h e  
f o u r .   T h i s   m e t h o d   r e q u i r e d   u s   t o   l o o k  a t  e a c h  c e l l  a n d   d e c i d e  
whether  it is  most l i k e  a G E ,  a SAFT, a Y a r d n e y   o r   a n  E P  c e l l ?  

( ' l a b l e   2 4 - 2 )  

T a b l e  24-2  shows a l i s t  o f   t h e   1 7  tes ts  t h a t  were r u n .  We 
h a v e   e s s e n t i a l l y   c a p a c i t y   d e l i v e r e d   v a l u e s ,   e n d  of c h a r g e   v o l t a g e  
v a l u e s   a n d   a n   i n t e r n a l   s h o r t  t e s t  ( w h i c h  was g r o u p e d   w i t h   t h e  
c a p a c i t y   d e l i v e r e d   b e c a u s e  i t  is a t  t h e   e n d   o f  a d i s c h a r g e ) .   T h e  
v a r i a n c e   r a t i o s   l i s t e d  i n  T a b l e  24-2 i n d i c a t e   t h e   a b i l i t y   o f   t h o s e  
tests t o  separate  t h e   p r o j e c t  c e l l s  i n t o   v a r i o u s   g r o u p s .  Values 
o r  1 w o u l d   i n d i c a t e   n o   a b i l i t y   f o r   s e p a r a t i o n .  You c a n  see almost 
a l l  of t h e  tests h e r e   h a v e   a n   a b i l i t y   f o r   s e p a r a t i o n .  

( T a b l e  24-3 ) 

I n   o r d e r   t o   d e c r e a s e   t h e   a m o u n t  of d a t a   t o   l o o k  a t  f r o m   t h e  
tests, K a r h u n e n - L o e v e   t r a n s f o r m a t i o n  was d o n e   o n   t h e  d a t a ,  i n  
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which we r e d u c e d   t h e m   t o   f o u r  new v a r i a b l e s   t h a t   a c c o u n t e d   f o r   9 1 %  
of t h e   i n f o r m a t i o n   o n   s e p a r a b i l i t y .  A t  t h e   f o o t   o f   T a b l e  24-3 a r e  
l i s t e d   t h e   v a r i a b l e s   i n   t h e   m a j o r   e i g e n v e c t o r   c o m p o n e n t   f o r   t h e  
t e s t .  I n   t h i s  case t h e y  a r e  a l l  t h e   e n d - o f - c h a r g e   v o l t a g e s .  

( F i g u r e  24-2) 

The eas ies t  way t o   l o o k  a t  t h a t  i s  by p l o t s   o f   t h e   d a t a .  
F i g u r e  24-2 s h o w s   v a r i a b l e s  1 and 2, and we c a n  see t h e  SAFT, t h e  
Y a r d n e y ,   t h e   s t a n d a r d  c e l l  a n d   T e f l o n a t e d   n e g a t i v e   e l e c t r o d e  
g r o u p s ,   a n d   t h e  TIROS g r o u p ,   a n d   t h e n   t h e r e  is a l a r g e   g r o u p   o f  
Eag le   P i che r   and  GP a n d   t h e   o t h e r   p r o j e c t  c e l l s .  

( F i g u r e  24-3) 

F i g u r e  24-3 s h o w s   v a r i a b l e s  1 and 3, and it may b e   s e e n   t h a t  
t h e   E a g l e   P i c h e r   a n d   t h e   h e a t   c a p a c i t y   m a p p i n g   m i s s i o n  (HCMM) pro-  
j e c t  c e l l s  b reak   away   f rom  the  r e s t  o f   t h e   g r o u p .  We c a n   t h e r e -  
f o r e  now separate  o u t   E a g l e   P i c h e r ,  SAFT and   Yardney ,   which   leaves  
u s  w i t h  a b i g   g r o u p   o f  GE a n d   p r o j e c t  c e l l s .  

( F i g u r e  24-4) 

F i g u r e  24-4 s h o w s   v a r i a b l e s  2 and 3 .  Again   t he   Eag le   P i che r  
c e l l s  separate  o u t ,   a n d   t h e  SAFT and   the   Yardney  c e l l s  g r o u p   t o -  
g e t h e r .   T h e r e  is some s p l i t t i n g  u p  o f   t h e   p r o j e c t  packs. 

( F i g u r e  24-5) 

F i g u r e  24-5 r e f e r s   b a c k   t o   F i g u r e  24-2. However ,   here  I 
b l a n k e d   o u t   t h e   E a g l e   P i c h e r ,   t h e   h e a t   c a p a c i t y   m a p p i n g   a n d   t h e  
SAGE c e l l s ,  because  we knew we c o u l d  separa te  o u t   t h e   E a g l e   P i c h e r  
f r o m   t h e  GE. We can  now l o o k  a t  t h e  GE c e l l s  i n   t h e i r   g r o u p i n g   o f  
p r o j e c t  c e l l s .  You c a n  see t h a t   t h e y  a r e  c l o s e   t o   t h e  GOES c e l l s  
a n d   t h e  DES c e l l s .  They  have  some c o r r e l a t i o n   t o  t h e  I U E  a n d   t h e  
TIRO.  

( F i g u r e  24-6) 

F i g u r e  24-6 s h o w s   t h e   v a r i a b l e s  1 and 3 ( f r o m   F i g u r e  24-3) 
w i t h   t h e  SAFT, Y a r d n e y ,   E a g l e   P i c h e r ,   a n d   h e a t   c a p a c i t y   m a p p i n g  
c e l l s  b l a n k e d   o u t .   T h i s   s h o w s   t h a t  GE i s  c l o s e   t o   t h e  I U E  c e l l s ;  
t h e   L a n d s a t   a n d   t h e   t r a c k i n g   d a t a   r e l a y   d r o p   o u t   i n t o  a g r o u p ,   t h e  
GOES, t h e  TIROS c e l l s ,  t h e  DES, improved TIROS a n d   t h e   s t a n d a r d  
may a l l  b e   f o r m e d   i n t o   g r o u p s .  

N O W ,  we h a v e   o n l y   l o o k e d  a t  v a r i a b l e s  1, 2 and 3. However, 
when a d e c i s i o n  was made f r o m   t h e   o r i g i n a l   d a t a ,  it was made by 
u s i n g  a l l  1 7  v a r i a b l e s .  We d i d   n o t   w a n t   t o   s h o w   y o u   1 7   m o r e  
s l i d e s ,  b u t  I t h i n k   t h i s   s h o w s   t h a t  we c a n  separa te  o u t   b y   p r o j e c t .  

( T a b l e  24-4) 
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Here Tab le  24-4 shows how w e  d i d  it by j u s t   u s i n g  a s c a l e d  s e t  
of d a t a .  Here a g a i n  we ran   t he   Karhunen-Loeve   t r ans fo rma t ion .  I 
s h o u l d  l i k e  t o   p o i n t   o u t   t h a t  w e  c a n   o n l y   s a v e   8 3 %   o f   t h e   t o t a l  
v a r i a b l e s .  The f i r ' s t  new v a r i a b l e   h a s   3 5 %   o f   t h e   s e p a r a t i n g   i n -  
f o r m a t i o n ;   t h e   s e c o n d   2 2 % ,   t h e   t h i r d   1 8 % .  

I n   t h i s  case, w e  see t h a t   t h e   m a j o r   e i g e n v e c t o r   c o m p o n e n t s   o f  
t h e   f i r s t   v a r i a b l e  a r e  d i s c h a r g e   c a p a c i t y  t e s t s ,  t h o s e   o f   t h e  
second  one  a re  e n d - o f - c h a r g e   v o l t a g e s   a n d   t h o s e   o f   t h e   t h i r d   o n e  
are  o n e   d i s c h a r g e ,   a n d   e n d - o f - c h a r g e   v o l t a g e s .  

(F igu re   24 -7 )  

F i g u r e  24-7 shows a p l o t   o f   t h e s e   d a t a ;   a n d  we can  see t h a t  
the   Yardney  c e l l s  separa te  o u t   b y   t h e m s e l v e s   w i t h   t h e  SAFT a l s o   i n  
a group.  We a g a i n   f i n d  EP and GE c e l l s  a n d   p r o j e c t  c e l l s .  S i n c e  
we a r e  n o t   l o o k i n g   i n   t h i s  case f o r   s e p a r a t i o n   i n t o   p r o j e c t  c e l l  
g r o u p s   f r o m   t h e   f i r s t   s t a n d a r d s ,  w e  c o u l d   d o   t h a t   b y   u s i n g   t h e  
o t h e r   t e c h n i q u e .  

(F igu re   24 -8 )  

F i g u r e  24-8 s h o w s   t h e   d a t a   w i t h   t h e  G E ,  E P ,  SAFT a n d   t h e  
Yardney c e l l s  b l a n k e d   o u t ,  so  t h a t  w e  can   v iew j u s t  t h e   p r o j e c t  
c e l l s .  They a r e   p r e t t y  well  s t r e t c h e d   o u t .  I t  i s  r a t h e r   i n t e r e s t -  
i n g   t h a t  w e  c a n   f i n d  a l i n e   t h a t   g o e s  u p   t h r o u g h   t h i s   d i r e c t i o n .  
I t h i n k   t h e s e   s t a r t e d   o u t   i n   1 9 7 4   a n d   t h e y   w e n t  u p  by y e a r s ,   a n d  
s topped  a t  1980. Down i n   h e r e  we had a g r o u p   t h a t  were 1978  and 
1979 ,   and   t he  GE pack formed a b r i d g e   a c r o s s   f r o m   h e r e   t o   h e r e .  
We can  see t h e  SAGE o n e s   d r o p p e d   o f f  by t h e m s e l v e s .   T h i s  t e l l s  u s  
t h a t  we c a n   s e p a r a t e   t h e m   o u t  by d i f f e r e n c e s .  The o t h e r   s i d e   o f  
t h e   c o i n  i s ,  what i s  s imi l a r  about   them? 

( Figure  24-10)  

We looked  a t  s i m i l a r i t i e s ,   u s i n g  a l l  1 7  tests a g a i n  as  a com- 
p o s i t e .   F i g u r e  24-10 l o o k s  a l i t t l e  n o i s y  a t  f i r s t .  You c a n  see 
t h a t   t h e   f i r s t  two b locks   compose   t he  GE s t a n d a r d  pack p r o j e c t  
c e l l s .  There  a r e  two c e l l s  t h a t  a re  n o t  much l i k e  t h e s e  28 GE 
ce l l s .  

There  i s  a g r o u p   o f  I U E s ,  one  a t  15   and   one  a t  5.  The GOES 
ce l l s ,  t h e  TIROS, t h e   L a n d s a t ,   w h i c h   b r e a k s  down i n t o  a 6 - c e l l  
g roup   and  a 2 - c e l l   g r o u p ,   a n d   t h e   t r a c k i n g   d a t a   r e l a y  ( T D R ) ,  a l l  
form a g r o u p   u n t o   t h e m s e l v e s .  You can  see t h a t   E a g l e   P i c h e r  c e l l s  
form a g roup .  One o f   t h e   t h i n g s   t h a t  w i l l  b e   i n t e r e s t i n g   w o u l d   b e  
t o   w a t c h   t h e   t o p   l e v e l ,   b e c a u s e   t h e   b l o c k   f i l l e d   i n   h e r e  is a 
c o m p o s i t e   o f   t h e   d i f f e r e n c e s   o f   t h e  s imi l a r i t i e s  o f   t h e   w h o l e  
group.  The . E a g l e   P i c h e r  c e l l s  had a l i t t l e  more v a r i a t i o n   f r o m  
c e l l  t o  ce l l  b e t w e e n   t h e   g r o u p .  The h i g h   c a p a c i t y   m a p p i n g   m i s s i o n  
( H C M M )  c e l l  g r o u p  was p r e t t y   c l o s e   t o g e t h e r ,   e a c h   o n e   i n   t h e i r  
a c c e p t a n c e  tests. We t h e n   f i n d   a n o t h e r   t h r e e   E a g l e   P i c h e r  
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ce l l s  t h a t  are q u i t e   d i f f e r e n t   f r o m   t h e   o t h e r s .  We wou ld   have   t o  
go  a l l  t h e  way u p   t o   7 4 %   s i m i l a r i l y   a n d   b a c k  down t o   c o n n e c t   t h o s e  
t h r e e .  The DES c e l l s  f a l l   i n t o  a g roup   by   t hemse lves .   The  
Yardney   and   the  SAFT form a group.  They a re  c o n n e c t e d ,   b u t   t h e y  
a r e  r e a l l y   n o t   t h a t  similar b e c a u s e   t h e y  are o n l y   c o n n e c t e d  a t  t h e  
76%  l eve l .   Then  w e  h a v e   t h e   s t a n d a r d   a n d   T e f l o n a t e d   n e g a t i v e  
e l e c t r o d e   g r o u p   a n d   t h e   i m p r o v e d  TIROS g r o u p   h e r e .  The SAGE g r o u p  
is on i t s  own a t  t h e   e n d .   I n   f i v e  c e l l s  t h e y  were o n l y  s imi l a r  u p  
t o   a b o u t   t h e  50% l e v e l .  

(F igu re   24 -11)  

Now, i f   o n e   l o o k s  a t  t h e   d a t a   f r o m   w h i c h   t h a t   c o m p o s i t e  was 
made: i n   F i g u r e   2 4 - 1 1 ,   t w o  c e l l  are  a l i t t l e  h i g h e r   t h a n   t h e  
o t h e r   g r o u p .  One I h a v e   n o   i n f o r m a t i o n   o n ,   t h e   o t h e r  was c e l l  4 ,  
pack 26, i n  i ts  3 0 t h   m o n t h   w i t h   n o   v a r i a t i o n .  We have   ano the r  
one ,  pack 26,  c e l l  3 ,   30th  month.  We s a i d   t h e r e  is an 
e n d - o f - c h a r g e   v a r i a t i o n ,   a l t h o u g h  it  d o e s   n o t  s h o w   a n y   d i f f e r e n c e  
h e r e .  The Landsa t   g roup  is a l s o  shown h e r e .  We have   one  c e l l  
t h a t  i s  r a t h e r   h i g h   a n d   h a s  a s l i g h t l y   l o w e r   o u t p u t .  The o n e   n e x t  
t o  i t ,  which is a l s o   r a t h e r   h i g h   c o m p a r e d   w i t h   t h i s   g r o u p ,   h a s   a n  
e n d - o f - c h a r g e   v o l t a g e   v a r i a t i o n .  

(F igu re   24 -12)  

F i g u r e  24-12  shows t h e  TIROS c e l l s ,  which  form a small g roup .  
One o f   t h e  DES c e l l s  s t i c k s  o u t ,   b u t  it is  i n  i ts  6 th   month .  
There  is n o   l i s t e d   v a r i a t i o n .  We r a n   i n t o  a p r o b l e m   h e r e   w i t h   t h e  
h e a t   c a p a c i t y   m a p p i n g   m i s s i o n .   T h e y   s a y   t h e r e  i s  an  end-of-charge 
v o l t a g e   v a r i a t i o n ,   a n d   y e t   t h e   v a l u e s  are  v e r y   l o w   a n d   v e r y   c l o s e  
t o g e t h e r .   S i n c e  I d o   n o t  know what   one   would   cons ider  a v a r i a -  
t i o n ,  it may b e   t h a t   t h e   v o l t a g e s  a r e  n o t   b e i n g   m e a s u r e d   t o  a low 
enough   va lue .   Accep tance  t e s t s  h a v e   t o   b e   b r o k e n  apa r t  t o  g e t  
b e t t e r   i n f o r m a t i o n .  

(F igu re   24 -13)  

F i g u r e  24-13  shows GOES c e l l s .  Two o f   t h e s e  c e l l s  seem t o  be 
o u t   f r o m   t h e   o t h e r s .  One is i n  i t s  t h i r d   p e r i o d ,   w i t h  no l i s t e d  
v a r i a t i o n .   T h i s  is n o t   c y c l i n g ,  it is i n   s t o r a g e .  Below t h e s e  
c e l l s  a re  t h e  SAGE ce l l s .  One seems t o   h a v e   e n t i r e l y   d i f f e r e n t  
c y c l i n g   p a r a m e t r y ,   i f   t h e   a c c e p t a n c e  t es t s  t e l l  u s  a n y t h i n g  a t  a l l  
a b o u t   w h a t   t h e  c e l l s  a re  l i k e .  

( F i g u r e  24-14 ) 

F i g u r e  24-14  shows t h e   s t a n d a r d   a n d   t h e   T e f l o n a t e d   s t a n d a r d  
ce l l s ,  t h e   n e g a t i v e   e l e c t r o d e  ce l l s .  The re  is n o t h i n g  of s i g n i f i -  
c a n c e   t o   r e p o r t   h e r e .  One is h i g h ;   h e r e   a g a i n  I d o   n o t   h a v e  
e n o u g h   d a t a   a v a i l a b l e   t o   s a y  how f a r   t h i s   h a s   t o   b e   d i f f e r e n t   f r o m  
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t h e   o t h e r   g r o u p s   b e f o r e  it b e c o m e s   s i g n i f i c a n t .   I d e a l l y ,   o n e  
shou ld   have  a l l  t h e   d o t s   o n   t h e   f i r s t   l i n e ,   m e a n i n g   t h a t  a l l  t h e  
tests h a d   t h e  same v a l u e s   f o r   t h e   a c c e p t a n c e  tests. I t h i n k  it is 
a l i t t l e  o p t i m i s t i c   t o   e x p e c t   t h a t .  

(F igu re   24 -15)  

F i g u r e  24-15  shows t h e  I U E  ce l l s .  One g r o u p  was b r o k e n   o f f  
f rom t h e   f i v e  t h a t  we showed  before .  I s h o u l d   e x p e c t   t h o s e   t o  
show somewhat d i f f e r e n t   c h a r a c t e r i s t i c s  f r o m   t h e   o t h e r s .  

We h a v e   g o t   t h e  r e s u l t s ,  b u t  we s t i l l  have some o f   w o r k   t o   d o  
i n   u n d e r s t a n d i n g  a l l  t h e r e  i s  t o   g e t   t h e   c o n c l u s i v e  r e s u l t s  f o r  
t h e   e x p e r i m e n t s   t h a t  were run.  However,  I t h i n k  i t  d o e s   p o i n t   o u t  
t h a t   t h e r e  is e n o u g h   i n f o r m a t i o n   b e i n g   g a t h e r e d  by a c c e p t a n c e  
tests t o   w a r r a n t   f u r t h e r   w o r k .  

DISCUSSION 

FORD: You s t a r t e d   o f f   y o u r   s t a t e m e n t   t h a t   y o u  were l o o k i n g  a t  
t h e   a c c e p t a n c e  tests. T h i s  i s  t h e   i n i t i a l   v a l u a t i o n  tests t h a t  
you a r e  r e f e r r i n g   t o ?  

L E I B E C K I  : Yes. 

FORD: Later on i n   t h e   d i s c u s s i o n   y o u   i m p l i e d   t h a t   y o u  were 
compar ing   cyc le  1 i f  e?  

L E I B E C K I :  N o ,  I neve r   l ook  a t  c y c l e   l i f e .  

FORD: Then a l l  y o u r   c h a r t s  a r e  based o n   t h o s e   i n i t i a l   1 7   o r  
1 8  s e r i e s  o f   t e s t s ?  

LEIBECKI :  Yes. The re  a r e  r e a l l y   e i g h t  t es t s ,  b u t  when you 
t a k e  t h e   c a p a c i t y   d e l i v e r e d ,   t h e   e n d - o f - v o l t a g e ,   y o u   e n d  u p  w i t h  
1 7  d a t a   p o i n t s   f o r   e a c h  c e l l .  

FORD: On Tab le  24-1, I d o   n o t   u n d e r s t a n d   t h e   s i g n i f i c a n c e  of 
t h e   t w o   r i g h t - h a n d   c o l u m n s .   C o u l d   y o u   e x p l a i n   t h o s e ?  

L E I B E C K I :  The f i r s t   o n e  is a c l a s s i f i c a t i o n   o f   t h e s e  c e l l s  a s  
b e l o n g i n g   t o   o n e   o f   t h e   f o u r   s t a n d a r d  c e l l  g r o u p s   t h a t   G o d d a r d  
r an .   The re  a r e  two  methods   o f   choos ing:   one  i s  t h e  K ,  n e a r e s t  
ne ighbor ,   which  t a k e s  a c e l l  and p u t s  it i n   t h a t   g r o u p   t h a t  it 
resembles m o s t   c l o s e l y .  

FORD: The  Landsat  D 5 0 A  h c e l l  is  a GE c e l l .  Are y o u   s a y i n g  
t h a t   t h e   d a t a   i n d i c a t e   t h a t  it g r o u p s   c l o s e l y   t o   t h e  SAFT t y p e  
ce l l ?  
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LEIBECKI :  These a r e  a l l  GE c e l l s ,  e x c e p t   f o r   t h e   h e a t  capac- 
i t y  m a p p i n g   m i s s i o n   a n d   t h e   s t r a t o s p h e r i c   a e r o s o l   a n d   g a s   e x p e r i -  
ment.  Yes, t h e   L a n d s a t  D c e l l  is most  l i k e  t h e  SAFT ce l l .  The 
o the r   co lumn is a s i m i l a r i t y - t o   p r i n c i p a l - c o m p o n e n t   m o d e l .   T h i s  
m o d e l   o n l y   r e c o g n i z e s   t h e s e   f o u r   g r o u p s .  I t  l o o k s  a t  t h e  c e l l  and 
d e c i d e s ,   w h i c h   o n e   o f   t h e s e   f o u r  it b e l o n g s   t o .  

Now, when we looked  a t  t h e   p l o t s   o f   t h e   K a r h u n e n   t r a n s f o r m a -  
t i o n   o f   t h e   d a t a ,   w h i c h   i n c l u d e d  a l l  these pack d a t a ,  we saw t h a t  
t h e   L a n d s a t   f e l l   b y  t h e  GE,  b u t  was n e a r e r   t h e   b o t t o m   o f   t h e  
g r a p n .   I f  it p u t  t h e   L a n d s a t  c e l l s  n e a r   t h e  SAFT c e l l s ,  t h e n   t h e  
c l a s s i f i c a t i o n   w o u l d   h a v e   b e e n  SAFT, a n d   n o t  GE. I f  i t  would  have 
f a l l e n   n e a r   t h e  E P  c e l l s  i t  had been classed as b e l o n g i n g   t o   E a g l e  
P i c h e r .  A l l  t h e   c l a s s i f i c a t i o n  knows i s  t h a t   t h e s e   f o u r  c e l l  
t y p e s   e x i s t .  

THIERFELDER: S i n c e   t h e r e  were no SAFT c e l l s ,  how c o u l d  it 
f a l l   c l o s e r   t o   t h e  SAFT ce l l s ?  

L I E B E C K I :  I n   o r d e r   t o   f i n d   o u t  why it c l a s s i f i e d  some c o r -  
r e c t l y   a n d  some i n c o r r e c t l y ,  t h e  s e t  was t h e n   i n c o r p o r a t e d   i n t o  a 
s t a n d a r d  s e t .  

THIBRFELDER: Where d i d  you g e t   t h e  SAFT da t a?  

HALPERT: I might  be ab le  t o   a n s w e r   t h a t .   S e v e r a l  sets of  
c e l l s  were p u t  on t e s t  a t  C r a n e ;   t h e s e  were t h e   s t a n d a r d  c e l l  pro-  
gram.  That i s ,  t h e r e  were f o u r  packs f rom  Genera l  E l e c t r i c ,  f o u r  
f r o m   E a g l e   P i c h e r ,   f o u r   f r o m  SAFT and   fou r   f rom  Yardney .  A l l  
t h e s e   d a t a  are  b e i n g  re la ted  back t o  what   he saw o n   t h o s e   f o u r  
packs. T h e r e f o r e ,  when h e   s a y s   t h a t   t h e   L a n d s a t  c e l l s  look  l i k e  
SAFT, he i s  s a y i n g   t h a t   i f   h e   c o m p a r e s   t h e m   w i t h   t h e   d a t a   t h a t   h e  
g o t   o u t   o f   t h e  SAFT c e l l s  i n   t h e   i n i t i a l   e v a l u a t i o n  t e s t ,  t h e y  
look  most  l i k e  t h o s e .  

BOGNER: G e n e r a l l y  t h e  r e a s o n  we g o   t h r o u g h   t h e s e   a c c e p t a n c e  
tests, I t h i n k ,  i s  t o  weed o u t  bad ce l l s .  Now, have  you  been able 
t o ,  or d o   y o u   i n t e n d   t o   u s e   t h e s e  d a t a  t o  t r y   t o   c o r r e l a t e   t h e  
a c c e p t a n c e  t e s t  d a t a  w i t h  c e l l s  t h a t   f a i l  e a r l y ?  

L E I B E C K I :  On t h e  l a s t  p a r t ,  where I showed s i m i l a r i t i e s ,  I 
t h i n k   t h e r e  is enough t o   i n d i c a t e   f u r t h e r  work t h e r e .  You c o u l d  
t h e n  s t a r t  t o  p ick  c e l l s  t h a t  a r e  most  s imi la r  t o   e a c h   o t h e r .  It  
d o e s   n o t  p ick  o u t  bad c e l l s  from  good c e l l s ,  b u t  j u s t  i n d i c a t e s  
t h a t  i f  one is way o f f ,  it i s  d i f f e r e n t .  

I f   o n e  was t o  b u i l d  a b a l a n c e d   b a t t e r y   f r o m  c e l l s ,  one  would 
want  them a l l  t o  be as  c l o s e  a s  p o s s i b l e ,   a n d  we s h o u l d   g e t   e n o u g h  
i n f o r m a t i o n   o u t  of it t o   i n d i c a t e   t h a t  we c a n   d o   t h a t .  A t  t h i s  
p o i n t ,  I d o   n o t  know. 
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FORD: I am  intrigued by some of the  data, by the  fact  that 
you  mentioned  the  Hickeman SAGE. Battery  designs  for  both of 
those  spacecraft  were  discussed  at  previous  workshops  and  they  did 
fail  prematurely. I am  intrigued by what I see  there  after  the 
fact. 

L E I B E C K I :  I had  no  before-the-fact  knowledge. 
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CLASSIFICATION OF PROJECT  CELLS  USING  NASA's STANDARD CELL 

_____ PROZRW- . . _ _  ~ ~ 

CLASSIFICATION 
"" W r 1 1  m 2 1  

D Y M I C  EXPLORER SATELLITE 
GOES-D. E  AN0 F SATELL ITE 
HEAT  CAPACITY  PAPPING  HISSION' 
INPROVE0 TlTROS OPERATIONAL 
INTERNATIONAL  ULTRA  VIOLET  EXP. 
LANDSAT-D SATELL ITE 
STANDARD AND IEFLONAIED NEG. 
STRATOSPHERIC  AER. 8 GAS EXP.' 

TIROS-N 8 NOAA-A SATELL ITE 
TRACKING  DATA  RELAY SATELL ITE 

6.0 A-H 
6.0 A-H 
9.0 A-H 
6.0 A-H 

12.0 A-H 
50.0 A-H 
20.0 A-!I 

9.0 A-H 

26.5 A 4  
40.0 A-H 

'EAGLE P I  CHER 
( 1 )  K-iIEARLST IIEIGRBOI: 
( 2 )  SlMlLlkRlTY TO PRlKC lPAL  COrlPOllEliT  llOOEL 

Table  24-1 

G . E .  G.E 
G.E.  G.E. 

E . P .  E.P. 
E .P .   SAFI  

G.E.  G.E. 
SAFT  SAFI  
YARDflFY S M T  
E.P. 

G.E.  G.F. 
E.P.  SAFT 

KARHUNEN-LOEVE TRANSFORMhTTION OF VhRIANCL Rh110 WEIGHIED DATA 

KARHUNN-LOEVE 
V A R I A B U   M A m R  OGENVECIOR COMFUNENT 

I A ENOQF-CHARGE CHARGE EFFICIENCY T E S I  
2 B ENOQF-CHARGE SPECIAL CHARGE REIEMION TEST I I  WEEKI 

C END-OF-CHARGE SPECIAL CHARGE REIfNTIONTEST  124HOURSI 
n FND4F-I'HAPCF CHARGE EFFICIENTY TEST 

3 F ~ N O ~ F - C H A R G I  C H A R G ~  ~FFICI~NCY TEST 
4 F ENOQF-CHARGE  OVERWARG!  TESI (0')CI 

G ENOQF-CHARGE OVERCHARGE T E S I  05%l 

GEMItTRICAL AVERAGES OF THE VARIANCE  RATIOS 
STANDARD CELL PROGRAM & PROJECT CELLS 

ACCEPTANCF TEST 

CAPACITY DELIVERED 
CAPACITY TEST No. 1 
CAPACITY TEST No. 2 
CAPACITY TEST NO. 3 
SPECIAL CHARGE REIENIION 

OVERCHARGE TEST No. l(O°CJ 
CHARGE EFFICIENCY 

OVERCHARGE TEST No. 2(35OCl 
IMERNAL SHORT TEST 

END-OF-CHARGE VOLTAGE 
CAPACITY TEST No. 1 
CAPACITY TEST No. 2 
CAPACITY TEST No. 3 
SPECIAL CHARGE RETENTION AT 

END-OF-CHARGE 
24 HOURS 

CHARGE EFFICIENCY 
1 WEEK 

OVERCHARGE TEST No. 2 (35% 
OVERCHARGE TEST No. 1 (OOCI 

Table  24-2 

VARl ANCE 

13.87 
19.62 
12.51 
12.04 
9.64 
9. 52 

12.96 
11.  14 

7 .11  

4. 16 
6.54 

17.95 
4.77 

20.02 
27.08 
11.03 
9.34 

Table  24-3 Table 24-4 
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BATTERY  FAILURE  MODEL  DERIVED FROM FLAW  THEORY 
I. Schulman 

Jet  Propulsion Laboratory 

At  the  fall  meeting of the Electrochemical Society  in  Florida, 
Dr. Cizmecioglu  of JPL presented a paper on a failure  model for 
sealed nickel cadmium  cells;  this  was based on work accomplished 
at the Jet  Propulsion Laboratory. It  is the purpose of this pre- 
sentation  to  review  the  derivation of the  failure model and,  more 
important,  to  demonstrate the practical  application of that 
model. I shall also present  some of our latest  findings  which 
indicate the universality of this model. 

It is  not the intention of this  review of the derivation  to 
mereiy reiterate a very  thorough paper delivered by  Dr. 
Cizmecioglu, but to reexamine  the  basis for this  failure model and 
to  emphasize  certain  points  pertaining to the derivation. For a 
full  derivation, I recommend  that  you read the original paper to 
which I referred. 

T'here are two ways to approach a predicted model for battery 
lifetime. The  first method,.  and certainly the more popular,  is to 
describe the data  from  various  programs in terms of linear or non- 
linear mathematical functions. These  functions may be empirical 
or based on the system  reactions, but in either case, the  fit  of 
the data  provides the numerical  values  of the coefficients appear- 
ing in the function. Once these  coefficients  are  known,  the func- 
tion can be used to obtain interpolated values for the variables 
of interest. Excellent  predictive  models have evolved from  the 
analyses performed by Dr. McDermott and others, and we are now 
attempting to compare  these  models with the JPL failure  model to 
understand all the similarities and the differences. 

The second approach  is to develop a model that may be derived 
from either a detailed knowledge of the behavior of the system, or 
more commonly from  intuitive arguments. The basis for  our model 
is the assumption  that a nickel cadmium cell fails because of the 
growth of a pre-existing flaw or defect to a critical value. In 
this  treatment, the exact  mechanism of failure need not be known. 
Thus, in this model developed for predicting cell lifetimes,  the 
following assumptions  are made: that  flaws or defects  exist in 
all the cells:  and only  one type of  flaw exists. 

The  flaw  characteristics,  which  we would like  to  describe 
because they are  important are: the  rate of growth  of  the flaw: 
the distribution of the flaw  sizes; and the total number of the 
flaws present. 
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The  first factor  to be considered is the  rate of growth of an 
individual flaw. It  is reasonable to assume  that  the  growth of 
the flaw  is caused by its  interaction  with  electron movement with- 
in the cell. Thus, for a cyclic charge/discharge test to failure 
as described  in  the  various  Crane  reports,  it is assumed that the 
rate change  in  the flaw size, cI with  cycle n, is  given by equa- 
tion l. 

& = k f  m s  c 
dn 

where f is  the number of  faradays  passing through the  cell per 
cycle, k is the reaction rate constant, and m and s are constants. 

This  equation can be recast in the  form of equation 2: 

where c = c - co,  co is the initial flaw  size  when  the  cycle 
number is  no and c is the flaw  size  at  cycle number n. If we 
integrate  equation 2, we arrive  at  equation 3: 

Another important  assumption made in  the  derivation is that 
the reaction  rate  constant k depends  only  on  temperature, and is 
given by an  expression  of the Arrhenius  form, and that is sh-own in 
equation 4 ,  

-AE 
k = k e n  

0 

where k g  is a parameter independent of the temperature,  whose 
value depends  only  on the nature of  the reaction involving the 
growth of  the flaw, and A E  is  the  energy associated with the re- 
action or transformation. 

A few other transformations  are  made,  which are best explained 
in the original article. The  equation  shown  here (equation 5 )  

258 



represents  a  general  expression  relating the growth of a  single 
flaw of initial size co to the  cycle number. 

You will notice  that  f  has  disappeared; it is replaced by DOD, 
the depth  of discharge. Co (which  is  a  very unfortunate choice  of 
terms; we have Co, co and g) is  the  intrinsic  capacity of the 
cell, and g  is  a  function related to the test  conditions,  tempera- 
ture,  rate,  etc, and how  it  affects the capacity of the cell. 

Since we have  no way of estimating  the value of s ,  we  assume as 
a  first  estimation  that  its  value  is zero. This  assumption  means 
that the rate of growth  of  a  flaw  is  independent of the flaw size. 
The eventual application  of  data  proves  the validity of this assump- 
t ion. 

The value of, s being zero  cancels  out all of  the  terms of the 
expansion  except the first  term, and leads to the simplified equa- 
tion 6. 

where nf is  the number of cycles  to  failure and cf is the  size 
of the flaw  at battery failure. 

So far,  we  have been concerned with the growth of a  single  flaw 
of initial size co, and we must now  deal  with the remaining flaw 
characteristics,  the  distribution and the number of flaws within the 
cell. If we assume that in any given  cell  the  largest initial flaw 
will determine  the  lifetime  of  the cell, then we are concerned with 
the distribution  of the largest value of co in  a population n, 
which represents  a  large number of flaws  within that cell. This 
type of  problem  can be treated by a  branch of statistics called ex- 
treme value statistics. The limited power low  probability density 
function  is  convenient to describe  the  distribution h(co). 

7) h(col = (Cf -co) p - l  p>1,  co < Cf 

where Pis independent of the  test conditions. 
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It has  also  been  shown  that for a  large number of flaws per 
cell, the  distribution of co  follows  the  Weibull  distribution 
shown  in  equation 8. 

G(co)  = 1 -exp[-( Cf - c  - co i”] 
Cf 0 

where co*  is the  characteristic or most  probable  value of  co; if 
the value of cf - co from  a  previous  equation  is substituted 
into the  Weibull  distribution,  we  arrive  at  the  equation for a  cumu- 
lative  distribution of lifetimes as  shown in equation 9a, 

a) 1 1  -4(nf)I  = exp [- (p)7 
b) n = nf ko (DODIm (2CogIm e RT 

f, red 
-AE 

f, red 
If we substitute  equation 9b into 9a, and take natural logs of 

both sides, we arrive at equation 10. 

In  equation 10 you  have  a  log of a log. Unfortunately, when  you 
are  dealing  with  Weibull  distributions,  that  is what you end up with. 

With  the  data  from  the NASA accelerated  test  program,  (nf), 
m and E have been determined, and the method for doing this 1s ex- 
plicitly described in the paper by Cizmecioglu. AE has been deter- 
mined to have a  value of  5.5kcal/mol, which is a rather low value 
for a  chemical  reaction, but of  an appropriate magnitude for a  phys- 
ical or transport process. The  constant  m  has been determined to  be 
1.5. The accelerated test  program  data  were divided into four 
groups  according  to the charge/discharge rate imposed. Within each 
group  the  lifetime  data  were reduced to this  final equation 11: 

AE 1 
1.5 e RT 303 

-(- - +) 
(11) n = nf (DOD) 

fl norm 
Now, nffnOrm is  equal to the expected lifetime of a cell at 100% 
depth of  discharge and 3 0  C. That is an  arbitrary  choice  that we 
took. 

Figure 25-1 shows  a typical graph  describing nf  red  or 
nf,norm plotted against the probability of failure for data ob- 
talned from the NASA accelerated test  program run at Crane. 

(Figure 25-1 
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T h e s e   d a t a  a r e  f r o m   t h e  packs o f  ce l l s  c y c l e d  a t  t h e  C c h a r g e  
r a t e  a n d   t h e  C/2  d i s c h a r g e  ra te .  

( F i g u r e  25-2)  

F i g u r e  25-2 shows a prac t ica l  a p p l i c a t i o n   o f   t h e s e   t y p e s  of g r a p h s .  
To i l l u s t r a t e ,  we have  made u p  a l i t t l e  p r o b l e m .   I n   t h i s   p r o b l e m  w e  
assume we have  a m i s s i o n   r e q u i r e m e n t   o f  50 ,000  c y c l e s  a t  a c e l l  
t e m p e r a t u r e   o f  20 C and a DOD of 10%.  We are  t r y i n g   t o   d e t e r m i n e  
t h e   p r o b a b i l i t y   o f   f a i l u r e ,  or b y   s u b t r a c t i n g   t h a t   f r o m   1 0 0 ,   t h e  
p r o b a b i l i t y   o f   s u r v i v a l .   U s i n g   t h e   f i n a l   e q u a t i o n  as shown,  and 
s u b s t i t u t i n g   t h e   i n i t i a l   c o n d i t i o n s ,  w e  g e t  a reduced  or a normal-  
i z e d   c y c l e   l i f e t i m e   o f   1 1 6 0   c y c l e s .  Moving t o   t h e   c u r v e   a n d   d r o p p -  
i n g  down t o   t h e   a b c i s s a   g i v e s   u s   t h e  r e s u l t  t h a t   t h e   p r o b a b i l i t y   o f  
f a i l u r e  is 42%.  It  is  i n t e r e s t i n g   t o   n o t e   t h a t   i f  w e  r e d u c e   t h e  
d e p t h   o f   d i s c h a r g e   f r o m  1 0 %  t o  5 % ,  t h e   p r o b a b i l i t y   o f   f a i l u r e   w o u l d  
b e   a l s o   r e d u c e d   f r o m  42% t o  7%. 

I n   o r d e r   t o  t e s t  t h e   u n i v e r s a l i t y   o f   t h e   f l a w   t h e o r y ,  D r .  Fadus 
of JPL g a t h e r e d  a l l  t h e  N i / C d  d a t a  h e   c o u l d   f i n d   t h e   C r a n e   r e p o r t s ,  
a n d   h e   p l o t t e d  a l l  t h e s e  d a t a  e n  masse. 

( F i g u r e  25-3 1 

He u s e d   c y c l i n g  d a t a  f r o m   e l e v e n   m a n u f a c t u r e r s ,   a n d  some o f   t h e  
d a t a ,  I am q u i t e  s u r e ,  a r e  for f l o o d e d   p o c k e t   t y p e s .  I c a n   n o t  
t h i n k   w h a t  e l s e  N I F E  m a k e s .  He a l s o   u s e d   c y c l i n g   i n f o r m a t i o n   f r o m  
tests run  a t  20 t o  40  C. F i g u r e  25-3 d e p i c t s   t h e   n o r m a l i z e d   l i f e -  
time a n d   p r o b a b i l i t y   o f   s u r v i v a l   r a t h e r   t h a n   p r o b a b i l i t y   o f  
f a i l u r e .  There  is a t  l ea s t  a n   i n d i c a t i o n   o f  some l i n e a r   r e l a t i o n -  
s h i p   b e t w e e n   t h e   p r o b a b i l i t y   o f   s u r v i v a l   a n d   t h e   n o r m a l i z e d   l i f e -  
time. T h i s  implies a u n i v e r s a l i t y   o f   t h e   f l a w   t h e o r y  as f a r  as it 
p e r t a i n s   t o   t h e   t o t a l   n i c k e l  cadmium sys t em.  Of c o u r s e ,   t h e  term 
" u n i v e r s a l i t y "   a l s o  implies t h a t   t h e   t h e o r y   s h o u l d   a p p l y   t o   o t h e r  
sys t ems .  

( F i g u r e  25-4 )  

Because t h e r e   a r e   o n l y  a f e w   d a t a   p e r t a i n i n g   t o   s i l v e r   s y s t e m s ,  
Dr. F a d u s   c o m b i n e d   c y c l i n g   d a t a   f r o m   b o t h   t h e   s i l v e r  cadmium  and 
s i l v e r   z i n c   c y c l i n g   p r o g r a m s ,   a n d  descr ibed t h e  d a t a  as shown i n  
F i g u r e  25-4. A l t h o u g h   t h i s  i s  by  no  means a p e r f e c t   l i n e a r  re la -  
t i o n s h i p  , t h e r e  is st i l l  a v e r y   s t r o n g   i m p l i c a t i o n   t h a t   t h e   f l a w  
t h e o r y   c a n  be a p p l i e d   t o   t h e   s i l v e r  ce l l s .  T h i s ,   i n   t u r n ,   s u p p o r t s  
t h e   a r g u m e n t   o f   u n i v e r s a l i t y   o f   t h e   t h e o r y .  

We are c o n t i n u i n g   a l o n g   t h i s   p a t h  a t  J P L .  We i n t e n d   t o   l o o k  a t  
many o t h e r   s y s t e m s ,   s u c h  as t h e  lead a c i d   s y s t e m s ,   t o   t r y   t o   a p p l y  
t h i s   t h e o r y   t h e r e .   I n   a d d i t i o n ,  w e  a r e  p r o c e e d i n g   w i t h   t h e   d i a g n o s -  
t i c  tests, w h i c h   s u p p o r t   t h e   o v e r a l l   t h e o r y .  
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DISCUSSION 

LEIBECKI :  When you made t h e  comment t h e   s i z e   h a s   n o   e f f e c t   o n  a 
f law,  a r e  you a re  s a y i n g   t h a t   i f  i t  is  a s h o r t   i n   t h e   s u r f a c e  areas 
it h a s   n o   e f f e c t ?  

I s h o u l d   a l s o  l i k e  you t o  comment on why y o u   p i c k e d   t h e   W e i b u l l  
d i s t r i b u t i o n .  I t  i s  r a t h e r   i n t e r e s t i n g .  We r a n  some s i l v e r   z i n c  
c e l l s  a t  Crane  and d i d  a n   i m p e d i n g   f a i l u r e  mode a n a l y -  s is  t o  
d e t e r m i n e  t h e  p r o b a b i l i t y   o f   f a i l u r e  by s h o r t   o r   b y   c a p a c -   i t y   l o s s ,  
and it a l s o  came o u t   t o   b e  a W e i b u l l  d i s t r i b u t i o n .  

SCHULMAN: To a n s w e r   y o u r   f i r s t   q u e s t i o n ,   t h e   f i r s t   a s s u m p t i o n  
t h a t  s = 0 was a c o n v e n i e n c e ,   t o   s i m p l i f y   t h e   e q u a t i o n , .  We f e e l  
t h a t  t h e  a p p l i c a t i o n   v a l i d a t e s   t h a t   a s s u m p t i o n .   T h e   e x p l a n a t i o n  
t h a t  when s = 0 t h e   r a t e   g r o w t h   o f   t h e   f l a w  is  n o t   e q u a l   t o   t h e  
o r i g i n a l   f l a w   s i z e ,  because i f  you  look a t  t h e   f i r s t   d i f f e r e n t i a l  
e q u a t i o n  it would   mere ly   say   dc /dn  = k f m .   I n   f a c t ,   m o s t   o f   t h i s  
c o u l d   h a v e   b e e n   s i m p l i f i e d   i f   t h e   a u t h o r s   d i d   n o t   t r y   t o   g e n e r a l -  
i z e  it a n d   g e t   i n t o  a s e r i e s .  T h e y   c o u l d   h a v e   s i m p l i f i e d  it from 
t h e  b e g i n n i n g  by s a y i n g  t h a t  s = 0 .  

A s  f a r  as t h e  W e i b u l l   d i s t r i b u t i o n  i s  c o n c e r n e d ,  it is u s e d  by 
o t h e r   o r g a n i z a t i o n s .   F o r   i n s t a n c e ,   i n   t h e i r   a n a l y s i s   f o r  r e l i a -  
b i l i t y   o n  t h e  H E 0  program, TRW a p p l i e d   W e i b u l l   d i s t r i b u t i o n s   a n d  
f o u n d   t h a t   t h e y   p e r t a i n e d .  

LEIBECKI :  The   reason  I asked i s  t h a t  w e  a c t u a l l y   m e a s u r e d   t h e  
d i s t r i b u t i o n s .  

SCHULMAN: I see. Did t h e y   a p p l y ?  

L E I B E C K I :  Yes, f o r   s i l v e r   z i n c .  

SCHULMAN: Yes, t h a t  is very   good.  T h a t  is a l l  t h i s  i s  s a y i n g .  

L E I B E C K I :  I j u s t  wondered i f  you had some o t h e r   r e a s o n s .  

SCHULMAN: No, we a re  o n l y   u s i n g  t h e  W e i b u l l  d i s t r i b u t i o n   i n  
d e s c r i b i n g   t h e   d i s t r i b u t i o n   o f   f l a w s .  

KUNIGAHALLI :  You sa id  t h a t  E h a s  a va lue   o f   5 .5kca l /mol   which  
is a v e r y   l o w   v a l u e   f o r  a c h e m i c a l   r e a c t i o n .  Do y o u   t h i n k   t h a t  it 
wou ld   va ry   depend ing   upon   t he   ampere   ave rage   o f   t he  c e l l  c o n s i d e r e d ,  
o f   on   t he  impur i t i e s  added i n   t h e  c e l l ?  T h a t   w o u l d   a l s o   c o n t r i b u t e  
t o  t h e  t y p e   o f   r e a c t i o n   t h a t  may be g o i n g   o n   t h e r e ,   i n   a d d i t i o n   t o  
t h e  temperature. 

SCHULMAN: No. We t r i e d   t o   m e a s u r e  E o n   t h e   s i l v e r  c e l l s  and 
we had a t remendous  s c a t t e r .  For t h i s   p a r t i c u l a r   p r o g r a m  we j u s t  
assumed t h a t  it was t h e  same f o r   s i l v e r  as it is  f o r   n i c k e l  cad- 
mium. P r o b a b l y   t h e  o b t a i n i n g  of E i s  t h e   m o s t   d i f f i c u l t   p a r t   o f  
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this program  because  there  are not really  many data to obtain it. 
However,  in my judgment it has nothing to do with the additives or 
anything of that nature. It is a characteristic of the cell it- 
self. 

KUNIGAHALLI: Is it possible to experimentally  verify the 
value that one can get by the  theoretical  prediction for E? 

SCHULMAN: I do not know. It may be. 
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ACCELERATED  TESTING FOR SYNCHRONOUS  ORBITS 
P. McDermott 

Coppin  State  College 

I should  like  to  present  an update of the work that I have 
been carrying out on the Crane acceleratd test program. For the 
last two workshops,  the  question  has  arisen as  to whether the 
Crane  data  are really relevant to synchronous orbit. The equa- 
tions  that  we were developing  with  the  regression  analysis  were 
not  really  directly  applicable, and so it  was a very important 
question. 

I tried to see if there was a new  way  that  we could extract 
from the data  some  information that would be important for syn- 
chronous orbit. At the beginning I felt I might  have been too 
optimistic  in trying to generate a synchronous  orbit test out of 
essentially near-Earth orbit data. However,  when I looked into 
it, I saw that there might be a way of extracting some  influences 
of variables that  we had not  seen  before, for example,  the influ- 
ence of  charge rate. 

If we look at a synchronous  orbit, there are really two modes 
of degradation present. One is degradation that is going on dur- 
ing the eclipse period when the  cell is cycling  at  different 
levels  of  depth  of  discharge and then charging from of the next 
shadow  period,  the  next day; I take  that  as  one period in the  life 
of that  cell, as the period during  eclipse, however many eclipses 
the  cell has to undergo. Then  there  is  the long period in over- 
charge during the light period when the cell  is  not cycling but is 
simply sitting on trickle charge. This period also has  degrada- 
tive effects. Up to  now we really  have not known the balance be- 
tween the degradation  due  to  that long life period and that  due  to 
the eclipse period. 

We know that if we  put simulated eclipse periods back to  back, 
we can run many more eclipse  periods  than we would anticipate that 
a cell could take in real  synchronous orbit. There must therefore 
be some  degradation  at  least, and possibly a lot of degradation, 
during that overcharge period. 

I was trying to see if there  was a way of quantifying this. I 
tried to look at the Crane  data and separate out, if possible, the 
degradation simply due to charge  rate and temperature  when  the 
cell was in a state of equilibrium. I tried to find this  in the 
period of  the cycle. When we think of a cell  cycling,  there  are 
really three periods or phases of  the.cycle: the first  is a dis- 
charge period down to whatever depth of discharge  the  cell is 
going; then there is a charge up to 100%  charge  is taken out. 
This would be the charge period. Then  there  is  the period in 
overcharge, where it is  essentially  sitting at a trickle charge or 
at some  specific  charge rate. 
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W i t h   t h e   C r a n e  d a t a ,  e v e r y  ce l l  would   have   gone   th rough  one   o f  
t h o s e   t h r e e   p h a s e s ,   e a c h   o f   t h e m  a t  d i f f e r e n t  r a t e s ,  a t  d i f f e r e n t  
t e m p e r a t u r e s   a n d   d i f f e r e n t   d e p t h   o f   d i s c h a r g e .  

(Table 26-1 ) 

Table 2 6 - 1   s h o w s   t h e   m a t r i x   f o r   t h e   a c c e l e r a t e d  t e s t  program. 

(F igu re   26 -1 )  

We t r i e d  t o  see w h a t   i n f l u e n c e   t h e   v a r i o u s  parameters had  on 
d e g r a d a t i o n .   F i g u r e   2 6 - 1   s h o w s   t h e   q u a l i t a t i v e   e f f e c t   o f   t h e  
parameters o n   l i f e ,   w h e r e   t h e   c y c l e s  are  p l o t t e d   o n   t h e   o r d i n a t e ,  
a n d   t h e   v a r i o u s  parameters, temperature,  d e p t h   o f   d i s c h a r g e ,  d i s -  
c h a r g e  r a t e  and   cha rge  r a t e  f o r  these f o u r  a r e  p l o t t e d   o n   t h e  abs- 
c issa .  T h i s  i s  q u a l i t a t i v e   i n   t h e   s e n s e   t h a t   t h e r e  are  o n l y   t h r e e  
packs i n v o l v e d   i n   e a c h  of t h e s e   g r a p h s .   T h e r e f o r e  I am n o t   p u t t -  
i n g  much q u a n t i t a t i v e   w e i g h t   t o   t h i s .  

We see t h a t   t h e  temperature is r o u g h l y   l i n e a r   f r o m  20 t o  60 C 
f o r   t h e   C r a n e  packs. There  i s  q u i t e  a v a r i a t i o n   f r o m  5000 c y c l e s  
a t  20 C down t o   v e r y   f e w   c y c l e s  a t  60 C ,  and i t  a p p r o a c h e s  a l i n -  
ear r e l a t i o n s h i p .  

I n   t h e   d e p t h   o f   d i s c h a r g e ,  t he re  is even  more  of  a v a r i a t i o n ,  
f r o m   a l m o s t   1 4 , 0 0 0   c y c l e s  down t o  less t h a n   1 0 0 0   c y c l e s ,   o v e r   t h e  
r a n g e   ( 2 0  - 1 0 0 % )   t h a t  we were u s i n g   f o r   t h e   C r a n e  t e s t .  I t  t u r n s  
o u t   t h a t   t h i s  is  a n   e x p o n e n t i a l   f u n c t i o n .  

F o r   d i s c h a r g e  r a t e  and   cha rge  r a t e ,  we f o u n d   t h a t   t h e  maximum 
o c c u r r e d   s o m e w h e r e   i n   t h e   m i d d l e   o f   t h e   r a n g e   t h a t  we were u s i n g  
f o r   t h e  accelerated tes t  m a t r i x   f o r   b o t h   d i s c h a r g e  r a t e  and   cha rge  
r a t e .  However, i n  l a t e r  e x a m i n a t i o n s ,  I t h i n k  we have  come t o   t h e  
c o n c l u s i o n  t h a t  t h i s   f a i l u r e   f o r   t h e   c h a r g e  r a t e  a t  C/4  may be 
somewhat a r t i f i c i a l ,  i . e .  t h e  c e l l  s i m p l y  was n o t   c h a r g i n g  u p  
e n o u g h   a n d   t h e r e f o r e  it showed i t s e l f  as a f a i l u r e   f o r   l o s s   o f  
c a p a c i t y  or a t  l o w   v o l t a g e .   I n   r e a l i t y ,   f o r   t h e  temperatures i n -  
v o l v e d ,  it j u s t  was n o t   c h a r g i n g  up .  T h e r e f o r e ,   t h a t  c e l l  coming 
o f f   o f   t h e  t e s t  would be a c t u a l l y   i n   v e r y   h e a l t h y   c o n d i t i o n   a n d  I 
s h o u l d   n o t   c o n s i d e r  it a r e a l  f a i l u r e .  

(F igu re   26 -2 )  

F i g u r e  26-2 s h o w s   t h e   v a r i a t i o n   w i t h   o t h e r  parameters t h e r e .  
F o r   t h e   p e r c e n t a g e   o f  KOH, and amp h o u r s   o f   r e c h a r g e , t T h e r e  i s  n o t  
t o o  much v a r i a t i o n ,  1 0 0 0  c y c l e s   o v e r   t h e   r a n g e   t h a t  we s t u d i e d ;  
and   fo r   t he   vo lume  of KOH t h e r e  i s  less v a r i a t i o n .   T h e r e  was 
q u i t e  a b i t  of v a r i a t i o n   f o r   p e r c e n t a g e   r e c h a r g e ,   a n d  it was a g a i n  
somewhat l i n e a r   f r o m  3000 down t o  1 0 0 0   c y c l e s .  

I w a n t e d   t o   l o o k  a t  t h i s   q u a n t i t a t i v e l y   t o  see what was t h e  
c h a n g e   i n   v a r i a t i o n   f o r   e a c h   o f   t h e s e .  
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(Table 26-2) 

If we look at  the  analysis  of  variance,  which  is a statistical 
technique, we can  essentially  divide the packs in the whole test 
matrix into two and consider all the  cells  that  have  the  low  level 
of temperature in one  category and all that  have high-level tem- 
perature  in another category. There is  quite a bit of  variation 
for temperature,  considering the classes (5000 versus 2000 cycles). 

This  confirms  again  that  temperature is a definite  degradative 
effect in the test matrix. The DOD  varies from 6000 roughly down 
to 1300; here  again is a very large effect. 

The discharge  rate  does  not vary so much, and  nor does the 
charge rate. The  percentage  recharge  has  moderate variation. The 
percentage KOH and volume of KOH and precharge do not show very 
much variation at all. This  was a quantitative  confirmation of 
what we had suspected  just by plotting a few  of  the  packs  of the 
individual parameters  versus  cycles to failure. 

(Table 26-3) 

If  we look at  the  interaction  of  these  parameters  (Table 
26-3), we see the more important  combinations  of  these variables. 
By combinations I mean  that if you take the  packs with high tem- 
perature and high depth  of  discharge, and compare them  with those 
packs having low  temperature and low depth of  discharge  you  see 
quite a variation. This  is a way of saying  which of the  variables 
are interacting with each other to produce the greatest  change of 
degradation with cycling. As we would anticipate,  temperature and 
depth of discharge are the  highest; all the  temperatures and all 
the depths of discharge  have a fairly  large  impact on the change 
of cycle. Notice that a combination of discharge rate and charge 
rate does  not produce that variation. 

(Table 26-4) 

Discharge rate and charge rate and the other parameters are 
combined with each other in Table 26-4. The  differences  from 
column to column are much smaller,  which  again  is a quantitative 
way of saying  that the variations are not large. 

I concluded last year that  in  terms of accelerated testing, 
the best accelerating  parameters would be temperature and depth of 
discharge. Depth of discharge  is probably the  most  important, 
because it can be mapped very  well  with an exponential function. 
Over the temperature  range  that we were studying  the  cycle life 
was linear. However, I suspect that it is  not linear at the ex- 
tremes of high temperature or very low temperature. However,  at 
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l eas t  i n   t h e   r a n g e   t h a t  we were t a l k i n g   a b o u t ,  it d i d  seem t o  map 
i n  a l i n e a r   f a s h i o n .  The r e c h a r g e  r a t e  i s  a n o t h e r  u s e f u l  param- 
e te r .  A s  f a r  as  t h e   d i s c h a r g e  r a t e  a n d   t h e   c h a r g e  r a t e  were con- 
c e r n e d ,   t h e r e  was some u n c e r t a i n t y .  

(F igu re   26 -3 )  

F i g u r e  26-3 i s  a g r a p h   s h o w i n g   t h e   c o m p u t a t i o n  when you t a k e .  
t h e   i n d e p e n d e n t  va r i ab le s  ( i n   t h i s  case t h e  temperature, d e p t h   o f  
d i s c h a r g e   a n d   t h e   o t h e r  parameters w h e r e   c y c l e s   t o   f a i l u r e  is a 
d e p e n d e n t   v a r i a b l e )   a n d   g o   t h r o u g h  a r e g r e s s i o n   a n a l y s i s ;   y o u  w i l l  
g e t   r e g r e s s i o n   c o e f f i c i e n t s ,   w h i c h  w i l l  be used as t h e   o u t p u t   t o  
m a k e  a p r e d i c t i o n   o n  t h e  normal packs. 

(F igu re   26 -4 )  

For a n o n l i n e a r   r e g r e s s i o n   e q u a t i o n   ( w h i c h  w e  have   deve loped  
and t a l k e d  a b o u t   p r e v i o u s l y ,   a n d  s o  I s h a l l   n o t  go i n t o   t o o  much, 
d e t a i l  h e r e ) ,  we have  p u t  r e c h a r g e   i n  as  a l i n e a r  term, tempera- 
t u r e  as a l i n e a r  term, a n d   d e p t h   o f   d i s c h a r g e  as a n   e x p o n e n t i a l  
t e rm.  We see i n   F i g u r e  26-4 t h e   a d d i t i o n   i n t o   t h e   p r o g r a m  of t h e  
v a r i o u s  parameters one  a t  a time. I n   o t h e r   w o r d s ,   f o r   t h e  d a r k  
c i r c l e s ,  it s h o w s   t h a t   t h e   p r o g r a m  is t a k i n g  a c o n s t a n t  mu l t ip l i e r  
A 1  w i t h  a temperature  term h e r e   a n d   w i t h   t h e   d e p t h   o f   d i s c h a r g e ,  
s o  t h a t  it is o n l y   c o n s i d e r i n g   t h r e e   o f   t h e   v a r i a b l e s   a n d   n o t   t h e  
o t h e r  a i d s  or t h e   o t h e r   t h r e e   c y c l i n g  parameters. I t  w i l l  calcu- 
l a t e  a c o n s t a n t  for e a c h   o f   t h o s e ,   1 5 0 0 ,  70 and  0.38.  Then, i f  
you  add i n   t h e   r e c h a r g e  term ( t h e   t r i a n g l e s )  a s  shown, A 1  is  b e i n g  
ca l cu la t ed ,  A2 a n d   a l s o  A3 and A 4 .  T h i s  now e x c l u d e s   d i s c h a r g e  
r a t e  and   cha rge  r a t e ,  and w e  f i n d   d i f f e r e n t   c o e f f i c i e n t s ,   0 . 3 8   a n d  
0.37, a s  expec ted .   However ,   t he re  i s  n o t  much change .  A t  t h e  
time I a d d e d   d i s c h a r g e  r a t e  and   charge  r a t e  as l i n e a r  terms be- 
cause I d i d  n o t  know t h e i r   f u n c t i o n a l   r e l a t i o n s h i p .   N o t i c e   t h a t  
t h e y   h a d   e x t r e m e l y   l o w   c o e f f i c i e n t s ,   w h i c h   m e a n s   t h a t   t h i s  i s  add- 
i n g  or s u b t r a c t i n g   v e r y   f e w   c y c l e s   t o   t h e   e n d   p r o d u c t .  T h i s  i m -  
p l i e d  t h a t   e i t h e r   d i s c h a r g e  r a t e  a n d   c h a r g e  r a t e  were n o t   r e a l l y  
a f f e c t i n g   d e g r a d a t i o n  much, or t h a t  I was p u t t i n g  it i n   t h e   e q u a -  
t i o n   i n c o r r e c t l y .   I n   o t h e r   w o r d s ,  I d i d  n o t   h a v e   t h e   p r o p e r   f u n c -  
t i o n a l   r e l a t i o n s h i p ,   a n d   t h e r e f o r e   i n   t h e   r e g r e s s i o n   a n a l y s i s  i t- 
s e l f ,  it was n o t   h a v i n g  a g r e a t  impact. 

(Table  26-5) 

Table  26-5 s h o w s   t h e   c y c l e s  times 1000. You see b y   t h e   a d d i -  
t i o n ,   t h i s  was o n l y  -- t h e  d a r k  c i r c l e s  were d i s c h a r g e ,   d e p t h  of 
d i s c h a r g e   a n d  temperature o n l y .   T h i s  was d e p t h   o f   d i s c h a r g e ,  tem- 
pera ture  and   r echa rge .  And t h i s  was i n c l u d i n g   d i s c h a r g e  r a t e  and 
c h a r g e  r a t e .  You see t h e r e  is n o t   t h a t  much c h a n g e   i n   t h e   n o r m a l  
pack p r e d i c t i o n s .  

(Table  26-6) 
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I f  w e  were g o i n g   t o   g o   i n t o  a d i s c u s s i o n   o f   s y n c h r o n o u s   o r b i t  
a n d   t h e   e f f e c t   o f   c h a r g e  r a t e ,  w e  s h o u l d   t h e n   h a v e   t o   g e t  a func -  
t i o n a l   r e l a t i o n s h i p   f o r   c h a r g e  r a t e  and   deg rada t ion .   Th i s   means  
t h a t  we had t o   l o o k   f o r  a d i f f e r e n t   t y p e   o f   i n t e r a c t i o n  o f  c h a r g e  
ra te  w i t h   t h o s e   o t h e r  parameters. Tab le  26-6 shows  the  breakdown 
t h a t  I m e n t i o n e d   b e f o r e ,   i n t o   t h e   t h r e e   p h a s e s   o f   t h e   c y c l e   t h a t  
t h e  parameters u s e d   i n   t h e   C r a n e   a c c e l e r a t e d  test have  meaning.  
I n  t h e   d i s c h a r g e   p h a s e ,   t h e   d e p t h   o f   d i s c h a r g e   c e r t a i n l y   h a s   a n  
impact, b u t   t h e   r e c h a r g e ,   p e r c e n t a g e   r e c h a r g e   a n d   c h a r g e  r a t e  do  
n o t ,   a n d   t h e   d i s c h a r g e  r a t e  h a s   a n   e f f e c t .  I n  t h e   s e c o n d   p h a s e ,  
c h a r g e   t o  l o o % ,  DOD, t e m p e r a t u r e   a n d   c h a r g e  r a t e  have   an  impact, 
b u t   t h e   r e c h a r g e   a n d   d i s c h a r g e  r a t e  d o   n o t .   F i n a l l y   i n   o v e r -  
c h a r g e ,   d e p t h   o f   d i s c h a r g e ,  temperature,  r e c h a r g e   a n d   c h a r g e  r a t e  
h a v e   a n   e f f e c t .   H o w e v e r ,   d i s c h a r g e  r a t e  has   no   impac t .   I f  we 
c o u l d   t h e r e f o r e   f i n d  a way o f   s e p a r a t i n g   o u t   t h e   e f f e c t s   o f   t h e s e ,  
and j u s t  c o n c e n t r a t e   o n   t h e   e f f e c t s   d u r i n g   e a c h   p h a s e ,   t h e n  we 
m i g h t   b e   a b l e   t o  p i c k  up a dependency  or a r e l a t i o n s h i p   t o   c y c l e s  
t o   f a i l u r e   f o r   c h a r g e  r a t e .  SOC s t a n d s   f o r  s t a t e  o f   c h a r g e .   T h i s  
means t h a t   i n   t h e   c a l c u l a t i o n s   w i t h   t h e   r e g r e s s i o n   a n a l y s i s ,   t h e  
d e p t h   o f   d i s c h a r g e  i s  r e a l l y   p u t   i n   h e r , e  as t h e  maximum s t a t e  o f  
c h a r g e  down t o  w h i c h   t h e  c e l l  is  c y c l e d ,   a n d   h e r e   t h e   a m o u n t   p u t  
b a c k   i n .  We a re  r e a l l y   c a l c u l a t i n g  a limit o f   a n   i n t e g r a t i o n  of  
s t a t e  o f   c h a r g e   i n t e r a c t i n g   w i t h   t h e   o t h e r  parameters. T h a t   i n t e -  
g r a l  i s  g o i n g   t o   e n t e r   t h e   r e g r e s s i o n   e q u a t i o n .  

(Table   26-7)  

By g o i n g   t h r o u g h  a p r o c e s s   o f   c o m p a r i n g   t h e   1 4 0 %   p a c k s   w i t h  
the   200% packs,  a l l  o t h e r   v a r i a b l e s   b e i n g   t h e  same, I was a b l e   t o  
e x t r a c t  a r e l a t i o n s h i p   o f   c h a r g e  r a t e  a n d   d e g r a d a t i o n .  I c a n n o t  
g o   i n t o  much d e t a i l  now, b u t   t h e   m e t h o d  I u s e d   t o  e x t r a c t  t h i s  
r e l a t i o n s h i p  i s  d o c u m e n t e d   i n   m o r e   d e t a i l  a t  t h e  I C E C  m e e t i n g   i n  
S e a t t l e .  I t  i s  conce rned   w i th   compar ing  packs t h a t  a r e  t h e  same 
i n  a l l  r e s p e c t s  except f o r   t h e   f a c t   t h a t   o n e   p a c k  was c y c l i n g  a t  
2 0 0 %   r e c h a r g e ,   a n d   t h e   o t h e r  a t  1 4 0 % .  I n   e v e r y  case,  t h e   1 4 0 %  
pack l a s t e d   l o n g e r ,  as e x p e c t e d .   T h e r e f o r e ,   b y   f i n d i n g   t h e  re- 
c i p r o c a l   o f   t h e   n u m b e r   o f   c y c l e s   t h a t   t h a t  p a r t i c u l a r  pack went  a t  
1 4 0 %  d e p t h   o f   d i s c h a r g e ,  I c o u l d   s a y   t h a t   t h e   c y c l i n g  u p  t o   t h a t  
p o i n t   h a d  a f r a c t i o n   o f  l i f e  o f   t h e   r e c i p r o c a l .   T h e n ,   c o n s i d e r i n g  
t h e   2 0 0 %   r e c h a r g e  pack -- l e t  u s   s a y   t h a t  it went 2000  c y c l e s  -- 
i f  I m u l t i p l y  2000 c y c l e s   b y   t h a t   f r a c t i o n   t h a t  was d e r i v e d   f r o m  
t h e   1 4 0 %  pack, I c a n   f i n d   o u t  how much o f   t h e   p r o p o r t i o n   o f   d e g r a -  
d a t i o n   f o r   t h e   2 0 0 %  pack was d u e   t o   c y c l i n g   u p   t o  1 4 0 % ,  and how 
much was d u e   t o   b e i n g  i n  o v e r c h a r g e   f r o m   1 4 0 %  u p  t o  200%. 

Thus,   what  I was d o i n g  was p u t t i n g   t h e   d e g r a d a t i o n   o f   t h e  
o v e r c h a r g e   p e r i o d   o n   t o  a c l o c k  time i n   t h e   s e n s e   t h a t   i f   t h e  c e l l  
had   been   pu t   on  tests o n l y  a t  a p a r t i c u l a r  c h a r g e  r a t e  and temper- 
a tu re ,  it w o u l d   t h e o r e t i c a l l y  l a s t  so l o n g .   T a b l e  26-7 s h o w s   t h e  
d a t a   t h a t  came o u t   o f  it: s i m u l a t e d ,   s y n c h r o n o u s   o r b i t   w i t h   t h e  
Crane packs v e r s u s  some  Crane r ea l  time s y n c h r o n o u s   o r b i t  tests. 
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I s i m u l a t e d   t h e   l i f e   i n   y e a r s  a t  t h e s e   v a r i o u s   o v e r c h a r g e  r a t e s  
a n d   t e m p e r a t u r e s .  I am e m p h a s i z i n g   t h a t   t h i s  i s  s i m u l a t e d   a n d  it 
is  n o t  a rea l  time t e s t .  However, it is d i f f i c u l t   t o   g e t  a t e s t  
o f   a n   o v e r c h a r g e  a t  2C a t  30 C w i t h o u t   t h e  c e l l  blowing  up.  

We are t h u s   e x t r a c t i n g   t h e   i n f l u e n c e   o f   c h a r g e  r a t e  and tem- 
pera ture  o n l y   f o r   t h a t   p e r i o d  when t h e  c e l l  is beyond 1 4 0 %  u p  t o  
200%, s o  t h a t  it d o e s   n o t   h a v e   t h a t  much time i n   t h a t   i n t e r v a l   i n  
t h e   C r a n e  t e s t  t o  accelerate  t o  o u t l a n d i s h  temperatures and so on. 

( F i g u r e  26-51 

By p l o t t i n g  t h i s  ( a s  shown i n   F i g u r e   2 6 - 5 )  I found a depend- 
ence   be tween  time t o   f a i l u r e   i n   s y c h r o n o u s   o r b i t   a n d  temperature. 
W i t h   d i f f e r e n t   c h a r g e  ra tes ,  12A, 2C f o r   t h e s e  p a r t i c u l a r  c e l l s ,  
3A and 0.2A I f o u n d   t h a t   t h e r e  was a conve rgence  u p  around  57 C ,  
which  means i f  you  had p u t  them  on tests a t  60 C, t h e y   w o u l d   n o t  
have   gone   fo r   any  time a t  a l l .  

From t h e s e   d a t a  I was ab le  t o   d e r i v e  some r e l a t i o n   b e t w e e n  
t e m p e r a t u r e   a n d   c h a r g e  r a t e  i n   o v e r c h a r g e   o n l y .   T h e   c o e f f i c i e n t s  
t h a t  came o u t   o f   t h a t   p a r t i c u l a r   c a l c u l a t i o n  are  0.5  and  57,   and 
1 . 1 7  for  t h i s  a n d   t h e   s q u a r e   r o o t   o f   c h a r g e  ra te .  The l i f e  pre- 
d i c t i o n   e q u a t i o n  f o r  t h e   t h r e e   p h a s e s  of c e l l  d e g r a d a t i o n  i s  a s  
f o l l o w s  : 

L i f e  = Klf(T,eDoD)  + K2f (T,eDoD, C R )  + K3f(T,  R C ( D O D ) ,  e C R ) .  

I h a v e   n o t   g o n e   i n t o   t h i s   c a l c u l a t i o n   y e t ,   b u t   t h e   n e x t   p h a s e  of 
t h e  work i s  t o   g o  back and t a k e  t h e   d i f f e r e n t   p h a s e s  of t h e   c y c l e  
and   look  a t  each   one   o f   t hem  wi th  a new a d d i t i o n a l   f u n c t i o n   o f  
c h a r g e  r a t e ,  t h e  square r o o t ,  as  a n   e x p o n e n t i a l  term. T h i s  w i l l  
b e   r e l e v a n t   t o   p h a s e  2. S i n c e   t h e  c e l l  i s  unde rgo ing  a p a r t i c u l a r  
c h a r g e  r a t e  d u r i n g   p h a s e  2 a n d   p h a s e   3 ,   t h e s e   f u n c t i o n s  w i l l  be 
r e l e v a n t .   I n   p h a s e  1, p h a s e  2 and  phase  3 ,   you w i l l  have   dep th   o f  
d i s c h a r g e .  I p u t   d e p t h   o f   d i s c h a r g e  down h e r e  as a n   e x p o n e n t i a l  
f u n c t i o n ,   a n d   h e r e  because I f e e l  t h a t   t h e   d e p t h  of d i s c h a r g e  i s  
a g a i n  a limit o f   a n   i n t e g r a l ,   a n d   y o u r   i n t e g r a t e d  s t a t e  o f   c h a r g e  
f r o m   z e r o  down t o   w h a t e v e r   d e p t h   o f   d i s c h a r g e .   I n   p h a s e  3 ,  d e p t h  
of d i s c h a r g e  i s  coming   i n   s imp ly  as a c a l c u l a t i o n   a l o n g   w i t h  re- 
c h a r g e  r a t e  t o  t e l l  how l o n g   o r  how many f a r a d a y s   o f   e l e c t r i c i t y  
w e r e   a c t u a l l y   g o i n g   t h r o u g h   t h e  c e l l  d u r i n g   t h e   o v e r c h a r g e .   T h e  
temperature w i l l  r e m a i n   l i n e a r ,   a n d   t h e r e  w i l l  be c o n s t a n t s   f o r  
e a c h   o f   t h e  th ree  p h a s e s .  

What I am s e a r c h i n g   f o r  i s  t h e   a b i l i t y   t o  separa te  v a r i a b l e s  
b y   s e p a r a t i n g   t h e   d i f f e r e n t   p e r i o d s  of  t h e   c y c l e   t o   f i n d   t h e   f u n c -  
t i o n a l   r e l a t i o n s h i p s   f o r  each p h a s e  f o r  t h e   v a r i o u s   p a r a m e t e r s ,   t o  
t r y   t o   l i n k   t h a t   t o   d e g r a d a t i o n .   T h e r e f o r e ,   t h e   f i n a l   n o n l i n e a r  
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r e g r e s s i o n   e q u a t i o n  w i l l  c o n t a i n   t h r e e  major terms f o r   t h e   t h r e e  
separate  p h a s e s ,   a n d   e a c h   o f   t h o s e  will c o n t a i n  terms, some o f  
which w e  h a v e   a l r e a d y   d e r i v e d ,   a n d   o t h e r s   t h a t  w e  s h a l l   h a v e   t o  
p u t   i n .  

D I S C U S S I O N  

DUNLOP: Are y o u r   d e p t h   o f   d i s c h a r g e   n u m b e r s  ra ted  o r   m e a s u r e d ?  

MC DERMOTT: They are  ra ted .  T h a t   h a s   a l w a y s   t r o u b l e d  me. 
Some o f   t h e  exper t s  i n  t h e  r e g r e s s i o n  f i e l d  sa id  t h a t  it m a k e s  no 
d i f f e r e n c e   w h e t h e r   d e p t h   o f   d i s c h a r g e  is rated o r   n o t ,  t h a t  it 
comes o u t  as a c o n s t a n t   a n d  w i l l  a c t u a l l y  be a c o n s t a n t  m u l t i -  
p l i e r .  T h e r e f o r e ,  l e t  u s   s a y  t h e  ac tua l  v a l u e  was 9A h ,   t h e  ra ted  
was 6. L e t  u s  s a y  8A h ,  t h a t  it becomes a c o n s t a n t   m u l t i p l i e r  
t h r o u g h o u t  t h e '  e q u a t i o n .  

DUNLOP: I wou ld   ag ree  w i t h  t h a t ,   e x c e p t   t h a t  t h e  problem is 
when you t r y   a n d   c o m p a r e   o t h e r  b a t t e r i e s .  T h e r e   h a s   b e e n  a t end-  
e n c y   i n  t h e  l a s t  t e n   y e a r s   t o   c h a n g e   t h e   d i f f e r e n c e   b e t w e e n   t h e  
measured and ra ted  c a p a c i t y .  Ten y e a r s   a g o   t h e r e  used t o  be 
rough ly  a 20% margin  between measured and ra ted  c a p a c i t y   i f   y o u  
r a n  a d i s c h a r g e  a t ,  s a y ,  20 C .  Today, i f  you   look  a t  t h e  same 
manufac turer ,   you  w i l l  p r o b a b l y   f i n d   m o r e  l i k e  a 1 0 %   d i f f e r e n c e  
between ra ted and measured c a p a c i t y .  I t h i n k   o n e   o f  t h e  r e a s o n s  
is t h a t   t o d a y ' s   m a n u f a c t u r e r s  a r e  c o n t r o l l i n g   t h e   p r o c e s s  a l i t t l e  
b e t t e r  a n d   t h e y  are  p u s h i n g   e n e r g y   d e n s i t y  a l i t t l e  harder .  There  
is a t e n d e n c y   t o   s q u e e z e  down t h a t  r a t i o   b e t w e e n  measured and 
ra ted . 

I f  you  want t o  take a n y   v a r i a b i l i t y   o u t   o f   y o u r  -- and   dep th  
of d i s c h a r g e   b e c o m e s   a n   e x t r e m e l y   i m p o r t a n t   v a r i a b l e   f o r   s y n c h r o -  
n o u s   o p e r a t i o n .  I t  i s  v e r y   i m p o r t a n t   t o  be c lear  whether you a r e  
t a l k i n g   a b o u t  50% o r  6 0 %  d e p t h  o f   d i s c h a r g e ,   i n  terms of   your  
l i f e t i m e   e x p e c t i o n .  

LURIE:  Did y o u   a c t u a l l y   c a r r y   t h r o u g h  t h e  v a r i o u s   a n a l y s e s  
and  and  then m a k e  a n  estimate o f   t h e   s i g n i f i c a n c e   o f  t h e  t r e n d ?  
Some o f  t h e  t r e n d s   l o o k   s i g n i f i c a n t ,   a n d   o t h e r s ,   c o n s i d e r i n g   w h a t  
is i n v o l v e d ,   r e a l l y  d i d  n o t .  

MC DERMOTT: I d i d  n o t   c a r r y   o u t  t h a t  p o r t i o n .  That  was done 
a t  JPL and I j u s t  t ook  t h e i r  r e s u l t s .  Do you remember i f   t h e y  d i d  
t h a t  s o r t   o f   t h i n g ,  M r .  Bogner? 

BOGNER: N o  more  than  what   you  showed  on  your   graphs.  

MC DERMOTT: I t h i n k   o n e   o f   t h e   p r o b l e m s   w i t h   t h a t   i n   t h e  case 
o f   c h a r g e  r a t e  a n d   d i s c h a r g e  r a t e ,  is  w e  were h i t t i n g  t h e  mid- 
r ange .  T h a t  is,  i f   t h e   r a n g e   w e n t  f rom low c y c l e s   u p  t o   h i g h  
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cycles down to low cycles, and you cut that population in half, 
they might not show a great variation. However, the low ones, 
particularly for charge rate, might have been artificial 
failures. Therefore, I am not sure that the analysis of variance 
really gives you a clear quantification of that  difference. 

LURIE:  If  in fact there is no trend, but  if  normal variation 
dispersions account for a large part of those differences, what is 
the significance of the fact that it can be fit in some kind of an 
arbitrary equation? 

MC  DERMOTT: We put a number of different equations and dif- 
ferent functions, and we looked at the  standard  estimate of the 
error  for  each. We found, as you added  and  removed functions, you 
could  improve on the  standard  error  estimate. We figured that was 
a confirmation, and that we  were going in the right direction in 
terms of the  fit. The nonlinear fit ended up with  about an error 
of magnitude of about 10 over  the  linear fit in  terms of the  error 
estimate. 

LEIBECKI: I should like to comment on the capacity in the 
DOD. When we ran the test on the  silver zincs, we found  it  made a 
profound difference if you  did measure the capacitance of the cell 
and adjust the depth of discharge in  the equation for  it. In  our 
case  it  did change the equation entirely in some of the  interac- 
tions. 

MC DERMOTT:  Did  it change the equation or the  coefficients? 

LEIBECKI: It changed  the  equation. 

MC  DERMOTT: It changed the functional relationships? 

LEIBECKI : Yes. 

MC DERMOTT:  You got outside of a log function? 

LEIBECKI: Yes. What you are saying is true if you do  not 
have any variation in  the capacities from cell ,to  cell. 

MC  DERMOTT: NO, it does not. It  says that  there is going  to 
be a distribution of capacities in  the  cell.  That  is  assumed. 

LEIBECKI: When you made  the statement that it is just a mul- 
tiplier, that can only be true  if  the capacity of the cells was 
constant. When you used a 6A h cell, it would  not  make that much 
difference if they  were  all 6.5A h. However, if you are  talking 
about some that are 6, and  maybe  some that are 7.5, it does make a 
difference. 
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MC DERMOTT: I t  w o u l d   c h a n g e   t h e   c o e f f i c i e n t .  I am n o t   s a y i n g  
it would  not.  However, it wou ld   no t  t a k e  y o u   f r o m   a n   e x p o n e n t i a l  
f u n c t i o n   i n t o   a n o t h e r   f u n c t i o n .  I am s a y i n g   t h e   f u n c t i o n a l  re la -  
t i o n s h i p   w o u l d   s t a y   t h e  same. 

L E I B E C K I :  I t  a l l  depends   wh ich   ones   t hey  come o u t   t o .   I f   y o u  
have a l o w   c a p a c i t y   o n   y o u r   h i g h  D O D s ,  you  have  gone way beyond 
your  parameter. I t  a l l  d e p e n d s   o n   t h e s e   t h i n g s ,   w h e r e   t h e y   f a l l  
i n  where  you a r e  d o i n g  t h e  w o r k .  
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TABLE 1 

MATRIX OF TEST  PARAMETERS FOR CELLS CYCLED 

IN THE ACCELERATED TEST 

TEST  PARAMETERS LEVEL OF EACH  PARAMETER 

A 

1. TEMPERATURE ("C) 

2. DEPTH OF DISCHARGE (%I 

3. CHARGE RATE 

4. DISCHARGE RATE 

5. PERCENT RECHARGED (%I 

6. CONCENTRATION OF KOH 1%) 

7. AMOUNT OF KOH (cc) 

8. PRECHARGE (Ah1 

20 

20 

c14 

c12 

110 

22 

17.5 

2.20 

Table   26-1  

B 

30 

40 

ct2 

C 

140 

26 

18.5 

- 

2.50 

C 

40 

60 

C 

2 c  

140 

30 

19.5 

- 

2.80 

D 

50 

80 

2c 

4c  

200 

34 

20.5 

- 

3.00 

E 

60 

100 

4c 

8C 

200 

38 

21.5 

- 

3.30 

Table  26-2 
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Table 26-3 

Table 26-4 
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PREDICTION OF NORMAL PACKS 

CYCLES x lo00 
A 

\ 
T DOD  DCR CR 6 A rn 

20C0 40% C/ 1.2 C/4 15  15  14 

OCo 40% U1.2  c/4 20 22 21 

20C0 20% (22.4 (72.4 34 34 35 

OCo 20% W2.4 W2.4 . 47 45 51 

Table 26-5 

IMPACT OF VARIABLES ON 
THREE  PHASES OF CYCLE 

I II 111 
DISCHARGE  CHARGE  OVER- - 100% CHARGE 

DOD 

T 

RC 

CR 

DCR 

*5oc - 1 DOD = 5oc AT  LIMIT^ 

Table 26-6 
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Depth 
Pack o f  Dis- 
Description charge 

Crane Real- 40% 
T i  me 40% 
Synchronous 40% 
Orbit Tests 

Simulated 
Synchronous 40% 
Orbits w i t h  40% 
Accelerated 40% 
Test Packs 40% 

Over- 
charge 
Rate 

C/30 
C/30 
C/30 

c /2  
C/2 
2c 
2c 

Temper- 
ture 

25" c 
30" C 
40" C 

30" C 
50" C 
30" C 
50" C 

Life i n  
Years 

10.0 
7.8 
5.0 

1.65 
0.25 
0.48 
0.05 

Table 26-7 
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- 1  
". . 

STARPOINT/CENTERPOINT CYCLES 
TO FAILURE VS. PARAMETERS 

P IN %KOH 0 
Ah PRECHARGE 

V 

lom - - 1111111111111 
P % J o % % %  22Ah  2.Mh 3 . W  

%KOH - Ah OF PRECHARGE - 
VARIATION 

VARIATION 
0 > 
0 0 IN % RECHARGE 

1om - 1om - *\ 

1 7 . 6 ~ ~   1 9 . 5 ~ ~   2 1 . k c  110% 140% zam 
VOLUME OF KOH - % RECHARGE - 

Figure  26-1 
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STARPOINT/CENTERPOINT 
CYCLES TO FAILURE VS. PARAMETERS 

VARIATION 
IN 

3ooo 

VARIATION 
IN 

' 0  

\ 
-1 \ 

c 

CI2 2c ac 
DISCHARGE RATE 

E VARIATION 

2 g 0 !I/ 1000 L;), 
Cl4 C 4C 

CHARGE RATE d 

Figure 26-2 
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REGRESSION ANALYSIS 

1. INPUT /INDEPENDENT  VARIABLES \ DEPENDENT  VARIABLE 

A. EIGHT  TEST + B. SQUARES  AND  C. OTHER = D. CYCLES TO 
PARAMETERS  INTERACTIONS + PARAMETERS FAILURE 

AMONG EIGHT 
TEST PARAMETERS 

2. COMPUTATION - STEPWISE MULTIPLE REGRESSION 

3. OUTPUT REGRESSION PARAMETERS  PREDICTED 

COEFFICIENTS FOR - CYCLES 
CALCULATED x "NORMAL" 

FROM ACCELERATED PACKS FAILURE FOR 
TEST DATA "NORMAL"  PACKS 

- 
TO 

F i g u r e  26-3 

VARIATION IN COEFFICIENTS FOR 
NON-LINEAR  REGRESSION  EQUATION 

t t  f 
.037 A 

CYCLES TO FAILURE = (a, - a,RCl x (a3 

F i g u r e  26-4 
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TEMPERATURE ('C) - 
FIGURE 1.  TIME TO FAILURE (IN YEARS) FOR CELLS IN SYNCHRONOUS 

ORBIT VERSUS TEMPERATURE 

F i g u r e  26-5 
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PANEL DISCUSSION: SYNCHRONOUS ORBIT  ACCELERATED TESTING 
I. Schulman,  Chairman 

Je t  P r o p u l s i o n   L a b o r a t o r y  

SCHULMAN: L e t  m e  f i r s t   i n t r o d u c e   t h e   p a n e l   f o r   t h i s   d i s c u s -  
s ion .   They  are P a t  McDermott o f   C o p p i n   S t a t e   C o l l e g e ,  Dean Maurer 
o f  B e l l  Labs,  Sam Bogner   o f   Hughes   A i rc ra f t ,  H e l m u t  T h i e r f e l d e r   o f  
Gene ra l  E lec t r i c ,  James Dunlop  of   Comsat ,   and  Steve  Gaston  of  
RCA. I have  known t h e s e   p e o p l e   f o r  a l o n g  time and I know t h a t  
t h e y   r e p r e s e n t   f i r m s   w i t h  a d e f i n i t e   i n t e r e s t   i n   t h e   g e o s y n c h r o -  
n o u s   o r b i t   t y p e   o f   p r o b l e m .   T h a t  i s  t h e   p a r t i c u l a r   r e a s o n   t h e y  
were a s k e d   t o   j o i n   t h e   p a n e l .  

I h a d   w r i t t e n  a l e t t e r  t o   e a c h   o n e   o f   t h e m   d e s c r i b i n g   t h e  
t o p i c s   a n d   t h e   p r o b l e m s   w i t h   w h i c h  we c o u l d  s t a r t  o u r   p a n e l  
d i s c u s s i o n .  I s h o u l d  l i k e  t o   r e a d   t h e   r e l e v a n t  p a r t  o f   t h e  l e t t e r  
t o   y o u ,   t h e   a u d i e n c e ,  s o  t h a t  you w i l l  know t h e   p o i n t s   f r o m   w h i c h  
w e  a r e  s t a r t i n g .  

"So t h a t  w e  a r e  a l l  c o n s i d e r i n g   t h e  same problem,  l e t  u s  de-  
f i n e   t h e   s y n c h r o n o u s   e q u a t o r i a l   o r b i t  a s  o n e   i n   w h i c h   d u r i n g   a n y  
y e a r   t h e r e  a r e  t w o   s e a s o n s  when e c l i p s e s  w i l l  o c c u r ,   e a c h   s e a s o n  
b e i n g   a p p r o x i m a t e l y   4 5   E a r t h   d a y s   l o n g .   T h e   e c l i p s e   s e a s o n s  w i l l  
b e   s e p a r a t e d  by s o l s t i c e   s e a s o n s   t h a t  l a s t  f o r   a p p r o x i m a t e l y   1 3 4  
days .  

" D u r i n g   t h e  e c l i p s e  s e a s o n ,   t h e  a c t u a l  e c l i p s e   p e r i o d s   f o r  a 
24 h o u r   d a y   v a r i e s   b e t w e e n  5 and 7 2  minu tes .  We are  i n t e r e s t e d   i n  
d e s i g n i n g   a n   a c c e l e r a t e d  t e s t  p r o g r a m   t h a t   c a n   b e   c o r r e l a t e d   t o  
r e a l  time p e r i o d s   o f  5 - 1 5   y e a r s   i n   g e o s y n c h r o n o u s   o r b i t ,   w h i c h  
can  a id  t h e   b a t t e r y   e n g i n e e r   i n   m a k i n g   c r e d i b l e   p r e d i c t i o n s   c o n -  
c e r n i n g   t h e   l i f e   o f  a b a t t e r y   u n d e r   p a r t i c u l a r   o p e r a t i n g   c o n d i -  
t i o n s .  

"NOW t h e   f o l l o w i n g   p r o b l e m s  may be  of i n t e r e s t   t o   t h e   a u d i e n c e :  

1. A l a r g e   a c c e l e r a t e d  t e s t  p r o g r a m   m o r e   a p p l i c a b l e   t o  
l o w - E a r t h   o r b i t   t h a n   g e o s y n c h r o n o u s   o r b i t   h a s   b e e n   c o n d u c t e d  a t  
the   Crane   Nava l  Weapons S u p p o r t   C e n t e r   f o r   t h e   p a s t  s i x  y e a r s .  
T h i s  p rog ram  inc luded  87 packs o f  c e l l s  a n d   t h e   c y c l i n g   p r o g r a m  
has   been   comple ted  except f o r  a few  packs  which a r e  s t i l l  c y c l i n g  
under  normal t e s t  c o n d i t i o n s .  The p r o g r a m   d e s i g n   i n c l u d e d   e i g h t  
f a c t o r s ;   f i v e   e n v i r o n m e n t a l   a n d   t h r e e   o f  a d e s i g n   n a t u r e ;   t h e r e  
were f i v e  s t r e s s  f a c t o r s .  Is it n e c e s s a r y   t o   c o n d u c t  as  l a r g e  a 
p r o g r a m   t o   o b t a i n i n g   m e a n i n g f u l  r e s u l t s  f o r   t h e   g e o s y n c h r o n o u s  
o r b i t ?  Which f a c t o r s   s h o u l d   b e   i n c l u d e d   i n   a n   a c c e l e r a t e d  t e s t  
program  and how many s t r e s s  l e v e l s  a r e  r e a l l y   n e c e s s a r y ?  How 
c o u l d   a c c e l e r a t e d  r e s u l t s  b e   c o r r e l a t e d   w i t h  r e a l  time i n  r e a l  
e n v i r o n m e n t   c o n d i t i o n s ?  
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2.  The q u e s t i o n   o f   r e c o n d i t i o n i n g  i s  c o n t i n u o u s l y   r e v i e w e d  -- 
d e e p ,   n o t  s o  d e e p ,   s i n g l e   o r   m u l t i p l e .  A l l  t h e s e   m e t h o d s   o f  re- 
c o n d i t i o n i n g   h a v e   t h e i r   a d v o c a t e s .   S i n c e  it is  reasonab ly   appa r -  
e n t   t h a t  some f o r m   o f   r e c o n d i t i o n i n g  w i l l  b e   i n c l u d e d   i n  a f l i g h t  
p r o g r a m ,   s h o u l d   r e c o n d i t i o n i n g   b e   i n c l u d e d   e i t h e r  as a v a r i a b l e   o r  
a f i x e d   c o n d i t i o n   i n   a n   a c c e l e r a t e d  t e s t  program? 

3 .  Many o f   t h e   s y s t e m   o r g a n i z a t i o n s   r e p r e s e n t e d   i n   t h e   a u d i -  
ence   have   conduc ted   acce le ra t ed   and  rea l  time g e o s y n c h r o n o u s   o r b i t  
programs.  A s  an   example ,  TRW conducted   an  accelerated p rogram  in  
which t he re  was no   o r  a v e r y  small s o l s t i c e   p e r i o d ,   t h e   e c l i p s e  
p e r i o d  was based o n   f o r e s h o r t e n e d   d a y s   a n d   t h e  a c t u a l  e c l i p s e  time 
of 5 t o  72 m i n u t e s  were a c t u a l l y   f o l l o w e d ,  b u t  t h e   d a y  was a 1 2   t o  
1 6   h o u r   d a y   r a t h e r   t h a n   t h e   c o n v e n t i o n a l  24 hour   day .   This  was 
done t o   o b t a i n   t h e   c h a r g e / d i s c h a r g e   c y c l e s  more q u i c k l y .  They 
h a v e   r e p o r t e d   o v e r  4 0  e c l i p s e   s e a s o n s   o f  successfu l  cha rge /  d i s -  
c h a r g e   c y c l e s  a t  a d e p t h   o f   d i s c h a r g e   o f   a p p r o x i m a t e l y  75%, w i t h  
deep   r econd i t ion ing   be ing   pe r fo rmed   be tween   each  ecl ipse season .  
Can t h e  r e s u l t s  o f  a p r o g r a m   t h a t   d e t e r m i n e s   d e g r a d a t i o n   o n l y  du r -  
i n g   s o l s t i c e   p e r i o d s   u n d e r  s imilar  o p e r a t i n g   c o n d i t i o n s ,   f o r   i n -  
s t a n c e   t e m p e r a t u r e ,  be i n t e g r a t e d  w i t h  t h e  TRW r e s u l t s  a n d   c o r r e l -  
a t e  w i t h  real-time per formance?  Would such  a program be con- 
s i d e r e d   c r e d i b l e ?  

4.  Accelerated t e s t  p r o g r a m s   g e n e r a l l y   i n c r e a s e   t h e  s t r e s s  on 
t h e  t e s t  s a m p l e s   a n d   a t t e m p t   t o   s h o w   r e l a t i o n s h i p s   b e t w e e n   i n -  
creased s t r e s s ,  h i g h e r   t e m p e r a t u r e ,   i n c r e a s e d   c h a r g i n g  r a t e s ,  
e t c . ,  and decreased c y c l e s ,   a n d   i n   t u r n   p r e d i c t   t h e   i n c r e a s e d   l i f e  
ve r sus   no rma l  s t ress .  What s t r e s s  l e v e l s   c o u l d  be i n c r e a s e d   i n   a n  
accelerated t e s t  p r o g r a m   f o r   g e o s y n c h r o n o u s   o r b i t s   w i t h o u t   i n t r o -  
d u c i n g   s p u r i o u s   f a i l u r e s   t h a t   w o u l d   o n l y  misdirect  t h e   p r e d i c t e d  
c a p a b i l i t y   o f   a n y   f a i l u r e   m o d e l   b a s e d   o n   t h i s   p r o g r a m ?  How does  
t h e  DOD g e t   i n t o   t h e   p r o g r a m ,   i f  a t  a l l ?  

5. Will any acce lera ted  t e s t  p rogram  eve r   have   t he   necessa ry  
c r e d i b i l i t y   w i t h   p r o g r a m   m a n a g e r s ? "  

I h a v e   g i v e n   t h e   p a n e l  q u i t e  a l o t   t o   t h i n k   a b o u t .  I shou ld  
l i k e  t o  c a l l  on them one a t  a time t o   g i v e  you t h e i r   v i e w s   o n  
t h e s e   v a r i o u s   t o p i c s ,  a f t e r  which we s h a l l   e n t e r t a i n  comments  and 
q u e s t i o n s   f r o m   t h e   a u d i e n c e .  

GASTON: I migh t   no t   answer  a l l  of  Dr. S c h u l m a n ' s   q u e s t i o n s  
p o i n t  by p o i n t ,  b u t  I s h a l l  t r y   t o  add a s  much as I can .  F i r s t ,  I 
shou ld  l i k e  t o  s t a r t  o u t   w i t h  my expe r i ence   and  my op in ion ,   and  
t h e n   g o   i n t o  w h a t  I t h i n k  we o u g h t   t o   d o   i n   t h e   f u t u r e .  

I have   a lways   been   concerned   about  acce le ra ted  t e s t i n g ,   p a r -  
t i c u l a r l y   i n   g e o s y n c h r o n o u s   o r b i t s .  When I do   run  some tes ts ,  
what   do   they   rea l ly   mean?  A s  Dr. Schulman  ment ioned  before ,  if 
you e l i m i n a t e   t h e   s o l s t i c e  time and j u s t  h a v e   t h e   e c l i p s e   s e a s o n s ,  
and  you o b t a i n   g o o d  r e s u l t s  f o r  40 e c l i p s e   s e a s o n s ,   c a n  you t h e n  
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d r a w   t h e   c o n c l u s i o n   t h a t  a n i c k e l  cadmium c e l l  i s  g o o d   f o r  20 
y e a r s ,   b e c a u s e   t h a t  is  what 4 0  ecl ipse seasons   means?  We a l l  know 
t h a t  w e  c a n n o t   u s e  it f o r  20 y e a r s .  So, what   have I a c h i e v e d ?   I f  
I c o n c l u d e d   t h a t   t h e  c e l l  c o u l d   o p e r a t e   f o r  20 y e a r s ,  I shou ld   be  
dange rous ,   mi s l ead ing   and   d rawing   t he   wrong   conc lus ions .   The re -  
f o r e ,   o n e   h a s   t o   b e   v e r y   c a r e f u l ,   b e f o r e   o n e  sets u p  a n  accelerat-  
ed  t e s t ,  t o   f i n d   o u t   w h a t  it means i n  terms o f ,  how it b e h a v e s   i n  
t h e  r e a l  wor ld .  

When I have  s e t  up  tests i n   d i f f e r e n t   g r o u p s ,  I a lways  make 
sure  I have  a c o n t r o l   g r o u p .   T h e   c o n t r o l   g r o u p  is a real-time 
t e s t ,  w i t h   n o   s h o r t c u t s .  I t  w i l l  r u n   s i m u l a t e d   o r b i t s   o n  a r ea l -  
time b a s i s .   F o r   t h e   a c c e l e r a t e d   t e s t i n g ,  I d i d  take some s h o r t -  
cu t s ,  o b v i o u s l y .  I r e d u c e d   t h e   s o l s t i c e  time f rom  abou t   134   days ,  
which is  n o r m a l ,   t o   a b o u t  5 d a y s .  What I p l a n n e d   t o   d o  ( I  have  
n o t   d o n e   t h i s   y e t )  is t o   p e r i o d i c a l l y   w i t h d r a w   o n e  c e l l  f rom  each  
g roup ,  t ake  i t  a p a r t   a n d   a n a l y z e  a s  much as  I can .   There  a r e  cer- 
t a i n   d e g r a d a t i o n  r a t e s  g o i n g   o n ;  I know t h e  r a t e  o f   d e g r a d a t i o n  
on  nylon,  I know t h e  cadmium p e n e t r a t i o n  r a t e .  I shou ld   t hen   be  
a b l e   t o   d e v e l o p  some d e g r a d a t i o n  r a t e s  a n d   c o r r e l a t e   t h e   t w o .  
T h a t   m e a n s   t h a t  I have  some c o n f i r m a t i o n ,   a n   e l e c t r o c h e m i c a l   b a s i s  
f o r  what t h e   e l e c t r i c a l   d a t a  show.  That may g i v e  me a b e t t e r  
t o o l ,   w h i c h  I c a n   e v e n t u a l l y  u s e .  E v e n t u a l l y  I m i g h t   n o t   h a v e   t o  
r u n   a n y   r e a l - t i m e   t e s t i n g .   P e r h a p s ,   i f  I have   enough  conf idence  
i n   t h e   d a t a ,  I c o u l d  j u s t  run  a q u i c k   a c c e l e r a t e d  t e s t  on new c e l l  
d e s i g n s ,  t a k e  a number o f  c e l l s  a p a r t  a t  s p e c i f i c   i n t e r v a l s ,   a n d  
t h e n   l o o k   f o r   t h e   c o r r e l a t i o n   a n d   d e g r a d a t i o n   r a t e s .  I t  is n o t   a n  
e a s y  t a s k ,  b u t  I s h a l l   c e r t a i n l y  m a k e  a n   a t t e m p t   t o   d o  it and  hope 
t h a t  somebody e l se  w i l l  c o n s i d e r  it. A f t e r  a l l ,  i f  we a re  d e a l i n g  
w i t h   a n   e l e c t r o c h e m i c a l   r e a c t i o n ,  we a lways  l i k e  t o  go  back t o   t h e  
mechanisms.  Once w e  unde r s t and   t he   mechan i sms ,  I t h i n k  we a re  
more a b l e   t o  m a k e  c o r r e c t i o n s .   A l s o ,   t h e   e l e c t r i c a l   d a t a   o n   w h i c h  
w e  g e t   t h e  s ta t is t ics .  

I s h o u l d  l i k e  t o  comment  on t h e   a c c e l e r a t e d   t e s t i n g   t h a t  was 
d i s c u s s e d   b e f o r e   o n   l o w - E a r t h   o r b i t .  I d o   n o t   h a v e   t h e   a n s w e r s .  
I have  some s u g g e s t i o n s .  I s a i d   t h a t   b e f o r e  w e  do   any   p l ann ing   on  
a c c e l e r a t e d   t e s t i n g   f o r   g e o s y n c h r o n o u s   o r b i t   a p p l i c a t i o n s ,  I 
s h o u l d  l i k e  t o   r e - r e v i e w   t h e   d a t a   t h a t  w e  g o t   i n   l o w - E a r t h   o r b i t ,  
a n d   p o s s i b l y  w e  can  t a k e  t h i s   c y c l e   l i f e ,  a n d   t u r n  i t  i n t o   o p e r a t -  
i n g   l i f e t i m e .  We c a n  m a k e  t h e   t r a n s i t i o n   f r o m   c y c l e   l i f e   t o   o p e r -  
a t i n g  time. We t a k e  t h e   o r b i t  time o u t .   T h e r e f o r e ,   o n c e  I can  do 
t h i s ,   w h e t h e r  I have  a 1 0 0  m i n u t e   o r b i t ,  a 6 h o u r   o r b i t ,  a 12   hour  
o r b i t ,  a 24 h o u r   o r b i t ,   o r   g e o s y n c h r o n o u s   o r b i t ,  I s h a l l   h a v e  some 
common f a c t o r .  I b r i n g   t h i s   u p   b e c a u s e   t h e r e  was a p a p e r   s e v e r a l  
y e a r s   a g o  by P e t e r  Fono ( p u b l i s h e d   i n   t h e  I E C E C ) ,  w h i c h   d i r e c t l y  
o r   i n d i r e c t l y   i m p l i e d   t h a t  it appears t o  be a c o n s t a n t ,   o r   v e r y  
c l o s e   t o   t h a t   f o r  same d e p t h   o f   d i s c h a r g e   c y c l e s  times t h e  number 
-- times t h e   c y c l e  time g i v e s   y o u  a c o n s t a n t .   I f   t h a t   c o u l d   b e  
s e p a r a t e d   o u t ,  w e  c o u l d  m a k e  t h e   l o w - E a r t h   o r b i t   d a t a   o r   t h e  re- 
g r e s s i o n   a n a l y s i s  work f o r  u s  i n   g e o s y n c h r o n o u s   a p p l i c a t i o n s ;   o f  
c o u r s e ,   t o   g o   o n e  s t e p  f u r t h e r   o n   t h e   l o w - E a r t h   o r b i t   a p p l i c a t i o n ,  
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we have  a f u n c t i o n  as a d e p t h   o f   d i s c h a r g e   i n   c y c l e   l i f e ,   o r  we 
c a n   c o n v e r t   t o   c y c l e  time as a f u n c t i o n   o f   d e p t h   o f   d i s c h a r g e .  If 
we e x t r a p o l a t e   t h i s   i n f o r m a t i o n   t o   z e r o   d e p t h   o f   d i s c h a r g e ,  it may 
be e q u i v a l e n t   t o   h a v i n g  a long- te rm t r i c k l e  c h a r g e .   I f  we c a n  
take  t h a t   f a c t o r  p l u s  t h e   o t h e r   c y c l e   l i f e ,  w e  might  be a b l e   t o  
g e t  some p r e d i c t i o n   f o r   g e o s y n c h r o n o u s   o r b i t .  I d o   n o t  know how 
well it works.  How would I e n v i s i o n  a g e o s y n c h r o n o u s   a c c e l e r a t e d  
t e s t  program?  Again,  it was b r o u g h t   o u t   b e f o r e ,   t h e r e  a r e  a mini -  
mum o f   t h r e e   e n v i r o n m e n t a l   f a c t o r s   t h a t   p r o v e   t o  be t h e  best  i n d i -  
c a t o r s   i n   l o w - E a r t h   o r b i t :  dep th  o f   d i s c h a r g e ,   t e m p e r a t u r e   a n d  
r e c h a r g e .  

A s  f a r  as t h e   d e s i g n   f a c t o r s  a r e  c o n c e r n e d ,  I t h i n k  we can  u s e  
a d e s i g n  t h a t  w e  t h i n k  i s  t h e  bes t  p o s s i b l e  we have a t  p r e s e n t ,  so 
t h a t  w e  can  reduce f r o m   t h r e e   d e s i g n   f a c t o r s   f o r   l o w - E a r t h   o r b i t  
t o   o n e   t o   s i m p l i f y  it. 

On t h e   q u e s t i o n   o f   r e c o n d i t i o n i n g ,  I f e e l  it should   be   done   on  
a n   i n d i v i d u a l  c e l l  basis .  T h i s  way y o u   a v o i d   r e v e r s a l ,   a n d   y o u  
have  no s t r e s ses  a n d   o t h e r  chemical e f f e c t s  due  t o   r e v e r s a l .  I t  
h a s   b e e n   a p p l i e d   s u c c e s s f u l y   b y  a l l  t h r e e ,   S a t c o m ,  F 1  and F 2 ,  
which a r e  now o p e r a t i n g   c l o s e   t o   f i v e   y e a r s .  We had  very  good 
pe r fo rmance  . 

The q u e s t i o n  i s ,  as  D r .  S c h u l m a n   r a i s e d ,   w h e t h e r   t o   a p p l y  i t  
o n c e   o r  twice. I t h i n k   h e   m e n t i o n e d   m o r e   t h a n   o n c e   d u r i n g   e a c h  
s o l s t i c e   s e a s o n .  So f a r  we o n l y  appl ied  it once ,   and  it seems t o  
w o r k .   P e r h a p s   t h a t   s h o u l d  be a n o t h e r   v a r i a b l e ,   a p p l y i n g  it twice 
might  m a k e  it even  b e t t e r ,  because we d o   h a v e   s o m e   s l i g h t   v o l t a g e  
d e g r a d a t i o n   d u r i n g   t h e  maximum d e p t h   o f   d i s c h a r g e   f r o m   c y c l e   t o  
c y c l e ,   a l t h o u g h  it i s  v e r y  small. 

The t h i r d   t h i n g  I s h o u l d  recommend i s  a b e t t e r  knowledge  of 
t h e  basic  c e l l  c h e m i s t r y ;   t h i s   m e a n s   t h a t   t h e  c e l l  component 
d e g r a d a t i o n   s h o u l d  be e s t a b l i s h e d  f o r   t h e   l i f e   t e r m i n a t i n g  
f a c t o r s .   T o w a r d s   t h a t   g o a l ,   p e r i o d i c  c e l l  removal   f rom  both  t h e  
c o n t r o l   g r o u p   a n d   t h e  t e s t  groOp  should  be  done ,   fo l lowed   by   d i s -  
s e c t i o n   o r   q u a l i t a t i v e   a n d   q u a n t i t a t i v e   a n a l y s i s .  I r e a l i z e  t h a t  
w i t h  t h i s  app roach  w e  need a l a r g e r  number o f  c e l l s  because w e  
h a v e   t o   c o n s t a n t l y   r e m o v e   s o m e ;  i t  w i l l  n o t  be a n   e a s y  t a s k  t o  
a c c o m p l i s h ,   t o   e s t a b l i s h   t h e   d e g r a d a t i o n  r a t e s .  However, I t h i n k  
u l t i m a t e l y  we s h a l l  know a l i t t l e  m o r e   a b o u t   t h e   c h e m i s t r y   o f  
f a i l u r e  and   t hen ,  when we have a new component ,  be able  t o  p u t  
t h a t   i n t o   e f f e c t   a n d   r e l a t i v e l y   q u i c k l y   e x a m i n e   t h e   v a l u e   o r   t h e  
a d d i t i o n   i n   l i f e   f o r  t h e  new component.  

DUNLOP: I s h o u l d  l i k e  t o  descr ibe  w h a t  we have  done a t  Comsat 
f o r   o u r   b a t t e r y   w o r k  a t  t h e  l a b s ,  and how we work t o g e t h e r   w i t h  
t h e  c o n t r o l   c e n t e r   i n   t r y i n g   t o  m a k e  ou r  s a t e l l i t e s  work f o r  as  
long  as  p o s s i b l e   i n   o r b i t .  
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T h e r e  is a v e r y   i m p o r t a n t   f a c t o r .  N i c k e l  cadmium b a t t e r i e s  
h a v e   b e e n   u s e d   i n  a l l  t h e   I n t e l s a t  spacecraf t  t o d a y   a n d ,  as  f a r  as 
I know, i n  a l l  t h e   c o m m u n i c a t i o n  s a t e l l i t e s  t o d a y .   F o r   t h e   I n t e l -  
s a t  s p a c e c r a f t ,   t h e y  are  p r o b a b l y   o n e   o f   t h e  major, i f  n o t   t h e  
m a j o r ,   l i f e t i m e - l i m i t i n g   s u b s y s t e m s  a t  present .  T h a t  i s  c e r t a i n l y  
t r u e   f o r   o u r   I n t e l s a t  I V  s p a c e c r a f t .  I n t e l s a t  I V  s p a n s   a b o u t  a 
d e c a d e .  We s t a r t e d   w i t h   t h e  c e l l  d e s i g n   a n d   f a b r i c a t i o n   o f   t h e  
n i c k e l   c a d m i u m  c e l l  i n   1 9 6 8 .  We p u t  a b a t t e r y   o f   t h o s e  c e l l s  o n  a 
real-time l i f e  t e s t  i n   1 9 6 8 ,   1 9 6 9  a t  Comsat Labs. We r a n   t h a t  l i f e  
t e s t  i n  r e a l  time f o r   e i g h t   y e a r s ,   s i m u l a t i n g  as c l o s e l y  a s  pos- 
s i b l e   t h e  real-t ime i n - o r b i t   o p e r a t i o n ,   i n c l u d i n g   c h a r g e   m a n a g e -  
m e n t ,   p o w e r   c o n d i t i o n i n g   a n d   t e m p e r a t u r e   p r o f i l e .  We d i d   e l e c t r o -  
c h e m i c a l   a n d   c h e m i c a l   a n a l y s i s   o n  a l a r g e  n u m b e r   o f   t h o s e  c e l l s  
f r o m  a number o f   d i f f e r e n t   l o t s   b e f o r e   s t a r t i n g   t h o s e  tests. The 
c e l l s  i n   t h a t  t e s t  came f r o m  two o r  t h r e e   l a b s ,   a n d  we p e r i o d i c a l -  
l y  removed c e l l s  from t e s t  o n c e  a y e a r   f o r   e l e c t r o c h e m i c a l   a n d  
c h e m i c a l   a n a l y s i s .  We p r e s e n t e d   t h e   d a t a   a n d   t h e   r e s u l t s   o f   t h a t  
t e s t  a t  t h e s e   m e e t i n g s   o v e r  a p e r i o d  of  f i v e  o r  s i x   y e a r s .  What 
we saw i n   t h o s e  tests a n d   i n   t h e   a n a l y s i s   h a s   b e e n   r e p o r t e d   i n   t h e  
l i t e r a t u r e  many times. 

I s h o u l d  l i k e  t o  show two f i g u r e s   t h a t   s u m m a r i z e   t h e   i n - o r b i t  
p e r f o r m a n c e  of  t h e   F 2   s p a c e c r a f t ,   w h i c h  was l a u n c h e d   i n   1 9 7 1   a n d  
i s  s t i l l  w o r k i n g .  

( F i g u r e   2 7 - 1 )  

T h e   d e p t h   o f   d i s c h a r g e   t h a t  I h a v e   l i s t e d   i n   F i g u r e   2 7 - 1  i s  
b a s e d   o n   m e a s u r e d   c a p a c i t y .   I f  i t  were b a s e d   o n   r a t e d   c a p a c i t y ,  
t h a t   d e p t h  of  d i s c h a r g e   w o u l d   b e   a b o u t   6 0 %   o r   m o r e  a t  t h e   b e g i n n -  
i n g   o f   l i f e .   T h e r e  i s  a b i g   d i f f e r e n c e   b e t w e e n   r a t e d   a n d   m e a s u r e d  
c a p a c i t i e s .   T h e   r a t e d   c a p a c i t y  was 1 5 ,   t h e   m e a s u r e d   c a p a c i t y  was 
abou t   20 .  

We d e c i d e d   t h a t  t h e  b e s t  way t o   p r e s e n t   t h e   d a t a  was o n   t h e  
b a s i s  of  m e a s u r e d   c a p a c i t y .  We c a n   t h e n   l o o k  a t  b a t t e r i e s  made 
now,  made i n   1 9 6 8   a n d   m a d e   i n   1 9 7 5 ,   a n d   m e a s u r e  t h e  c a p a c i t y .  
When w e  t a l k  a b o u t   d e p t h   o f   d i s c h a r g e  we a r e   t a l k i n g   a b o u t   d e p t h  
o f   d i s c h a r g e  a t  t h e   m e a s u r e d   c a p a c i t y .  

T h i s  i s  a s y n c h r o n o u s   o p e r a t i o n ,   a n d  s o  t h a t  is t h e   d e p t h   o f  
d i s c h a r g e   t h a t   o c c u r r e d   o n   t h e   l o n g e s t   e c l i p s e   d a y .  It  was a b o u t  
45%  up t o  -- s t a r t e d   d r o p p i n g  of a l i t t l e .  We a c t u a l l y   h a d   t o  
r e d u c e   t h e   l o a d   s l i g h t l y   f r o m   a b o u t   t h e   1 2 t h  ec l ip se  s e a s o n .  By 
t h e  time w e  r e a c h e d   t h e   1 4 t h  ec l ip se  s e a s o n ,  we had   d ropped  it t o  
a b o u t   2 0 % .  We h a v e   b e e n   o p e r a t i n g   t h a t   b a t t e r y  a t  a b o u t   2 0 %   d e p t h  
of d i s c h a r g e   e v e r   s i n c e .   D e n n i s   C o o p e r ,   f r o m  our c o n t r o l   c e n t e r ,  
c o u l d   p r o b a b l y  t e l l  you more a b o u t   t h i s   b a t t e r y   t h a n  I c a n ,   b e -  
c a u s e  he  w a t c h e s  i t  e v e r y   d a y .  

F igu re   27 -2 ,   wh ich  is i n t e r e s t i n g ,  i s  t h e   o n e   t h a t   s h o w s   t h e  
v o l t a g e   p e r f o r m a n c e   o f   t h a t   b a t t e r y .  
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( F i g u r e  27-2) 

The c e l l  v o l t a g e  i s  p l o t t e d   o n   t h e   l e f t - h a n d   o r d i n a t e .   T h e  
b a t t e r y   v o l t a g e  is  b e s i d e  it. T h e   c u t o f f   p o i n t  was s i m p l y   a n  ar- 
b i t r a r y   c u t o f f   p o i n t   b e l o w   w h i c h   t h e   b a t t e r y  was n o t   s u p p o s e d   t o  
g o .   T h e   b a t t e r y  is o p e r a t i n g  a t  a t e m p e r a t u r e   o f   a p p r o x i m a t e l y  
1 7  C d u r i n g   t h e  ec l ipse  s e a s o n :   t h i s  temperature changes  a l i t t l e  
b e t w e e n   t h e  summer a n d   w i n t e r   s o l s t i c e ,   b u t  it remains   be tween  10  
and 20  C .  

The b a t t e r y  i s  c o n s t a n t   c u r v e   c h a r g e d  a t  a b o u t  a C / 1 2  r a t e ,  
a n d   t h e   o v e r c h a r g e  is  minimized s o  t h a t  as  soon as  w e  p u t   a b o u t  
105%  of   what  w e  t ake  o u t   b a c k   i n   o n   e a c h  ec l ip se  d a y ,  we s w i t c h  
back t o  a t r i c k l e  r a t e ,  which is about   C/45,   and w e  k e e p   t h a t   o n  
t r i c k l e  c h a r g e   d u r i n g   t h e   s t o r a g e  mode. I n i t i a l l y  we d i d   n o t   d o  
t h i s .  We had i t  on  open c i r c u i t  s t a n d   b e t w e e n  ec l ip se  s e a s o n s ,  
and we o b s e r v e d   i n   o u r   o p e n  c i r c u i t  l i f e  tests a t  t h e   l a b  ( w e  had 
two l i f e  t e s t s  g o i n g :   o n e   t h a t  w e  were t r i c k l e  cha rg ing   and   one  on 
open c i r c u i t )  t h a t   t h e r e  was e x t r e m e l y   l a r g e   g r o w t h   o f  cadmium 
h y d r o x i d e   c r y s t a l s .   A f t e r   t w o   y e a r s  we d e c i d e d   t o   s w i t c h  a l l  ou r  
b a t t e r i e s  o v e r   t o  t r i c k l e  c h a r g e   t o   a v o i d   t h a t   g r o w t h .  By t h e  
way, t h e   o b s e r v a t i o n   o f   t h e s e   l a r g e  cadmium h y d r o x i d e   c r y s t a l s  was 
t h e  r e s u l t  o f  a real-time l i f e  t e s t .  We wou ld   no t   have   obse rved  
t h a t   k i n d   o f   t h i n g   i n   a n   a c c e l e r a t e d  t e s t  mode. T h a t   h a p p e n e d   t o  
b e   t h e   o n l y   v a r i a b l e  we h a d   i n   t h a t   p r o g r a m .  We had   two  ba t -  
t e r i e s ;  one  was o p e n - c i r c u i t   c h a r g e ,   a n d   o n e  was t r i c k l e  c h a r g e .  
Not ice   what   happened  when we g o t  down t o   a b o u t   t h e   1 4 t h  ec l ip se  
s e a s o n .  The v o l t a g e   r e a l l y   w e n t  down. T h a t  i s  why w e  c u t  t h e  
d e p t h   o f   d i s c h a r g e  back: so t h a t  we c o u l d   m a i n t a i n   t h e   v o l t a g e  
a b o v e   t h a t   c u t o f f   v a l u e .   A c t u a l l y ,   t h e   v o l t a g e   h a s  come back  up. 
I t  is a b o v e   t h a t   c u t o f f   v a l u e  now and so  w e  h a v e   r e a l l y  come back 
u p  w i t h   t h a t   r e d u c e d   d e p t h   o f   d i s c h a r g e .  

I h a p p e n   t o   h a v e   t h e s e   d a t a   o n   h e r e .  We looked  a t  w h a t   f a i l e d  
i n   t h e s e   b a t t e r i e s .  We looked  a t  w h a t   f a i l e d   a n d   w h a t  was f a i l i n g  
a t  t h e  time. We saw c a r b o n a t e   b u i l d u p   v e r y  much as  you pred ic ted  
b a s e d   o n   t h e   a c t i v a t i o n   e n e r g y   r e p o r t e d  by  Hughes  and B e l l  Labs.  

V O I C E :  D id   you   do   any   r econd i t ion ing?  

DUNLOP: T h i s   b a t t e r y  i s  r e c o n d i t i o n e d   t o  1.15V per c e l l  a v e r -  
age ,   which  w e  have  now d e t e r m i n e d  is  t o t a l l y  a i n a d e q u a t e  re- 
cond i t ion ing .   However ,  a t  t h a t  time, t h a t  i s  what w e  were do ing .  
The p o i n t  I was g o i n g   t o  m a k e  is t h a t   i n   l o o k i n g  a t  t h e   f a i l u r e  
mechanisms w e  saw c a r b o n a t e   b u i l d u p   a n d   e l e c t r o d e   s w e l l i n g .  The 
e l e c t r o d e   s w e l l i n g  was a s  i f  it h a d   b e e n   i n   t h e r e   f o r   t h r e e  
y e a r s .  I t  o n l y   h a s   1 0 0   c y c l e s  a y e a r ,   o r  300  c y c l e s ,   b u t   t h e  r a t e  
a t  which it is s w e l l i n g  is a t  l ea s t  t h r e e   o r   f o u r  times t h e  r a t e  
a t  which it swells i f  you j u s t  take a n   e l e c t r o d e ,   d o  300 c y c l e s ,  
t ake  it o u t   a n d   l o o k  a t  i t .  T h e r e f o r e ,   t h e  r a t e  o f   s w e l l i n g   o f  
t h e   e l e c t r o d e s ,   a n d   h e n c e   t h e  r a t e  o f  movement o r   m i g r a t i o n   o f   t h e  
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a c t i v e  mater ia l ,  i s  much g r e a t e r   f o r  c e l l s  o p e r a t i n g   o n  a real t ime 
b a s i s   t h a n   f o r  c e l l s  o p e r a t i n g   i n   a n   a c c e l e r a t e d   c o n t i n u e d   c y c l i n g  
b a s i s .  We spend a l o t   o f  time now l o o k i n g  a t  mic ropore  s t r u c t u r e  
and  change i n   t h e   l o c a t i o n  o f  t h e   a c t i v e  mater ia l s  i n   t h e  
e l e c t r o d e .  We are  s e e i n g   t h e  ac t ive  mater ia ls  compac t ing   t o -  
w a r d s   t h e   s u r f a c e ,  as well a s  e x p a n s i o n   o f   t h e   p o s i t i v e   e l e c t r o d e ;  
we h a v e   r e p o r t e d   t h e s e   d a t a .  We show, i n   o t h e r   w o r d s ,   a n   e x p a n -  
s i o n  of  e l e c t r o d e s ,   b u t   a l s o  a l a r g e   i n c r e a s e   i n   t h e   m i c r o p o r e  
s t r u c t u r e   w i t h  time. T h a t   m i c r o p o r e   s t r u c t u r e   o c c u r s   n e a r   t h e  
s u r f a c e   o f   t h e   e l e c t r o d e   a n d  is c o m p e t i n g   f o r   t h e   e l e c t r o l y t e ,  it 
i s ,  i n  essence, c a u s i n g   t h e  c e l l  t o   d r y   o u t  as  y o u   a p p r o a c h   t h i s  
p o i n t   i n  time o f  1 4  y e a r s .  

The   o the r   p rob lem w e  obse rved  was t h a t   t h e   c a r b o n a t e   b u i l d u p  
a l s o   r e d u c e s   t h e   o v e r c h a r g e   p r o t e c t i o n .  You c o u l d   n o t i c e   t h e  
c e l l s  b e g i n n i n g   t o  swell  t o w a r d s   t h e   e n d   o f   l i f e   w i t h  a b u i l d u p   o f  
some h y d r o g e n   p r e s s u r e .  Once t h e y  swel l ,  t h i s   a g g r a v a t e s   t h e   t e n -  
d e n c y   f o r   t h e   i m p e d a n c e   t o   i n c r e a s e   o n   d i s c h a r g e .  By 1 4  ec l ipse  
s e a s o n s ,   t h e  c e l l  i s  t e n d i n g   t o   d r y   o u t  q u i t e  b a d l y .   I f   y o u   d i s -  
c h a r g e  i t  a t  a h i g h  r a t e  t h e  c u r r e n t  d e n s i t y  i s  v e r y   s e n s i t i v e .  
I f  y o u   d i s c h a r g e  i t  a t  a C/2 r a t e ,  you g e t   a b o u t  5 o r  6A h o u t   o f  
i t .  I f  y o u   d i s c h a r g e  a t  a C/60 r a t e ,  you may s t i l l  b e   a b l e   t o   g e t  
15A h o u t   o f  i t .  T h a t  i s  s imply   because   o f   t he   h igh   impedance  
g e n e r a t e d   i n   t h e  c e l l  o n   d i s c h a r g e  as  it t e n d s   t o   d r y   o u t .  

P r o b a b l y   o n e   o f   t h e   m o s t   i n t e r e s t i n g   t h i n g s   g o i n g   o n  now is a 
l i f e  t e s t  w e  h a v e   o n   t h e  IV-A b a t t e r y ,   w h i c h  was a f o l l o w - u p   t o  
t h i s .   I n   t h e  IV-A b a t t e r y ,  w e  h a v e   a d d e d   t h e   s i l v e r   c a d m i u m s   t o  
t h e   n e g a t i v e ,   i n   o r d e r   t o   a d d   m o r e   e l e c t r o l y t e   t o   t h e  c e l l  t o  
overcome t h i s   d r y o u t   p r o b l e m .   T h e r e  i s  t h  n roughly  15%  more 
e l e c t r o l y t e   i n   t h e  IV-A c e l l :  a b o u t  2 . l c m  f /A h compared  with 
1 . 7  - 1.8cm3/A h .  We a l s o  p u t  t h e  IV-A c e l l  on real-time t e s t ,  
a g a i n   s i m u l a t i n g   t h e   i n - o r b i t   o p e r a t i o n   a g a i n  a s  c l o s e l y  a s  pos- 
s i b l e .  However, w e  p u t   i n  a c o u p l e   o f   v a r i a b l e s ,  OV r e c o n d i t i o n -  
ing   and  0.9V r e c o n d i t i o n i n g .   T h e   r e s u l t s   a f t e r  11 e c l i p s e   s e a s o n s  
a re  shown i n   F i g u r e   2 7 - 3 .  

(F igu re   27 -3 )  

For t h e   f i r s t   t h r e e  ec l ip se  s e a s o n s  shown i n   F i g u r e   2 7 - 3 ,  w e  
were r u n n i n g  a t  11.9A, a 5 1 %   d e p t h  of  d i s c h a r g e   b a s e d   o n   m e a s u r e d  
c a p a c i t y .   T h a t   s i m u l a t e d   t h e   C o m s t a r  s a t e l l i t e  w i t h   d e p t h   o f   d i s -  
c h a r g e .  We were d o i n g   t h i s  1 . 1 5 V   r e c o n d i t i o n i n g   a n d   t h e   e n d  of 
d i s c h a r g e   v o l t a g e   d e t e r i o r a t i n g   v e r y   r a p i d l y .  We c h a n g e d   t h e  
d e p t h   o f   d i s c h a r g e   a f t e r   t h e   t h i r d  ecl ipse s e a s o n   t o  9A h ,   t h e  
n o r m a l   I n t e l s a t  IV-A,  c l o s e r   t o   w h a t   C o m s t a r  i s  now runn ing ,   and  
d u r i n g   t h e   f i r s t   s e a s o n  we r e c o n d i t i o n e d   o n e   b a t t e r y   t o  OV a n d   d i d  
n o t   r e c o n d i t i o n   t h e   o t h e r   o n e  a t  a l l .  F o r   t h e   f i f t h   t h r o u g h   t h e  
e l e v e n t h   s e a s o n ,   o n e   b a t t e r y  was d i s c h a r g e d   t o  OV a n d   o n e   b a t t e r y  
was d i s c h a r g e d   t o   a n   a v e r a g e  of  0.9 per c e l l .  The d i s c h a r g e   t o  OV 
is s i m p l y   d o n e   b y   p u t t i n g  a r e s i s t o r   a c r o s s   t h e   e n t i r e   b a t t e r y .  
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It  is t h e   r e c o n d i t i o n i n g   r e s i s t o r   t h r o w n   a c r o s s   t h e   e n t i r e   b a t t e r y  
and w e  d o   i n d e e d   r e v e r s e   t h e  number o f   t h e  ce l l s .  We w a t c h   t h a t  
v e r y   c l o s e l y .  

I d o   n o t   h a v e   t h e   p l o t s   h e r e   t o d a y ,   b u t  w e  watch when t h e  
f i r s t  c e l l  g o e s   i n t o   r e v e r s a l   a n d   t h e n  when t h e   n e x t   t w o   g o .  
U s u a l l y   t h e y   d o   t h a t  a t  a v e r y   l o w   v o l t a g e ,   s h o w i n g   t h a t   t h e  c e l l s  
a r e  s t i l l  v e r y  well matched u p  t h r o u g h   e l e v e n  ecl ipse s e a s o n s .  

T h i s  i s  e l e v e n  ec l ip se  s e a s o n s   i n  r e a l  time, and s o  t h e s e  
ce l l s  were m a n u f a c t u r e d   a b o u t   s i x   y e a r s   a g o .  The f i r s t   t h i n g  you 
n o t i c e  is  t h a t   t h e r e  is n o   v o l t a g e   d e g r a d a t i o n  as  b e f o r e .   T h i s  
v o l t a g e   p e r f o r m a n c e  i s  c o m p a r e d   w i t h   t h e   v o l t a g e   p e r f o r m a n c e  we 
g o t   o u t   o f   t h e   I n t e l s a t  I V  s p a c e c r a f t ,   a n d   t h i s  i s  s i g n i f i c a n t l y  
b e t t e r .  What seems t o  show u p  h e r e  is t h a t   d e e p   d i s c h a r g e  
r e c o n d i t i o n i n g ,   w h e t h e r   y o u   d o  i t  t o  OV o r   w h e t h e r   t o  0.9V a v e r a g e  
i n   e s s e n c e   h a s   e l i m i n a t e d   m o s t   o f   t h a t   v o l t a g e   d e g r a d a t i o n   t h a t  we 
o b s e r v e d   o n   t h e   I n t e l s a t  I V  b a t t e r y .   T h e r e  is n o t   r e a l l y  much 
change   be tween  these   two c e l l  d e s i g n s   o t h e r   t h a n   t h e   s i l v e r  
cadmium; I t h i n k   t h e   m a j o r   t h i n g   y o u  are  s e e i n g   h e r e  is t h e   e f f e c t  
o f   r e c o n d i t i o n i n g ,   a n d  i t  r e a l l y  is q u i t e  i m p r e s s i v e   i n  terms of  
t h e   v o l t a g e   p e r f o r m a n c e .   T h a t   v o l t a g e   p e r f o r m a n c e ,  by t h e  way, is  
t h e   e n d   o f   d i s c h a r g e   v o l t a g e .   I f   y o u  a re  c l o s e   t o  1 . 1 9 V  a t  t h e  
end  of  a 4 2 %   d e p t h   o f   d i s c h a r g e ,  i t  i s  be tween  39   and   42 ,   and   tha t  
is r e a l l y   n o t  a bad   per formance .  

The q u e s t i o n  i s ,  what w i l l  h a p p e n   i n   t h e   n e x t   c o u p l e   o f   y e a r s ,  
because  we t h i n k   t h a t   o t h e r   m e c h a n i s m s  a re  g o i n g   t o  come i n t o   p l a y  
he re   w i th in   ano the r   yea r   o r   two .   These   mechan i sms  a re  t h e   e f f e c t s  
o f   t h e   e x p a n s i o n   o f   t h e   p o s i t i v e   e l e c t r o d e ,  e tc .  We a re  w a i t i n g  
t o  .see what is g o i n g   t o   h a p p e n .  We used  t h e s e  r e su l t s  t o   d e t e r -  
mine how w e  w a n t   t o   m a n a g e   o u r   I n t e l s a t  V s p a c e c r a f t .   T h a t  i s  our  
r e a l  r e c o n d i t i o n e r .  

The o t h e r   t h i n g  I s h o u l d  l i k e  t o  show  you is t h a t  w e  have   used  
t h i s   t o   t r y   t o   p r e d i c t   t h e   l i f e t i m e   o f   b a t t e r i e s .  

(Figure 2 7 - 4 )  

F i g u r e  23-4 shows   da t a   f rom NASA.  We j u s t  t o o k   t h e   C r a n e   d a t a  
a n d   c o n v e r t e d   t h e m   f r o m   r a t e d   c a p a c i t y   t o   m e a s u r e d   c a p a c i t y  
f o r   d e p t h   o f   d i s c h a r g e .   A f t e r   a b o u t  7 y e a r s  a t  43.2% you s t a r t  
h a v i n g   p r o b l e m s ;   t h a t  is e x a c t l y   w h a t   h a p p e n e d   o n   t h e   I n t e l s a t  I V  
d a t a .  The C r a n e   d a t a   a n d   t h e   I n t e l s a t  I V  d a t a   a g r e e d  well ,  a s  
t h e y   s h o u l d ,   b e c a u s e   t h e   d a t a   t h a t   t h e y  a r e  u s i n g  a r e  b a s i c a l l y  
f r o m   t h e  same c e l l  d e s i g n .  

There  a r e  a l s o   t w o   o t h e r   v a r i a b l e s .  

( F i g u r e  27-5) 
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F i g u r e  27-5 s h o w s   t w o   o t h e r   b a t t e r i e s   i n   t h a t   l i f e  t e s t ,  one 
w i t h  a T e f l o n a t e d   n e g a t i v e ,   a n d   o n e   w i t h  a T e f l o n a t e d   n e g a t i v e  
w i t h   l i t h i u m   a d d e d   t o   t h e   e l e c t r o l y t e .  A t  p r e s e n t ,  w e  a r e  u p  t o  
a b o u t   n i n e  ecl ipse s e a s o n s   a n d  w e  h a v e   n o t   s e e n   v e r y  much. How- 
e v e r ,  it is  n o t   u n l i k e   a n y t h i n g   y o u   h a v e   a l r e a d y   b e e n   h e a r i n g   t o -  
day.  You are  l o o k i n g  a t  t h e  same t h i n g s .  You a re  l o o k i n g  a t  t h e  
c a r b o n a t e ,   t h e   e x p a n s i o n   o f   b o t h   t h e   p o s i t i v e   a n d   n e g a t i v e  e lect-  
r o d e s .   B o t h   e l e c t r o d e s   e x p a n d   w i t h  time. You a r e  l o o k i n g  a t  
e l e c t r o l y t e   r e d i s t r i b u t i o n ,   a n d   w h a t e v e r   o t h e r   m e c h a n i s m s   m i g h t  
a f f e c t  t h e   l i f e t i m e   o f   t h a t   b a t t e r y .  

Te lsa t ,  C a n a d a ,   a l s o   h a v e   l i f e  tests i n   t h e i r   l a b o r a t o r i e s  
g o i n g   o n   t h e i r   n e x t   s p a c e c r a f t ,   a n d  we work w i t h   t h e m   t o   a n a l y z e  
t h e i r  c e l l s  p e r i o d i c a l l y   t o   l o o k  a t  t h e   d e g r a d a t i o n   m e c h a n i s m s  
t a k i n g  place t h e r e .  We have  worked  with B e l l  L a b s   i n   t h e  l a s t  few 
y e a r s ,   b o t h   w i t h   r e a l - t i m e   a n d   a c c e l e r a t e d  tests t o   l o o k  a t  t h e  
e f f e c t s   o f   c a r b o n a t e   d e g r a d a t i o n ,   h i g h - t e m p e r a t u r e   p e r f o r m a n c e ,  
e t c .  

A c c e l e r a t e d  tests a r e   v e r y   u s e f u l   i f  you  want t o   l o o k  a t  some- 
t h i n g  l i k e  n y l o n   d e g r a d a t i o n .  We p u t   a c c e l e r a t e d  tests i n t o  a 
c a t e g o r y  w e  c a l l  e x p l o r a t o r y   r e s e a r c h .  We d o   n o t  u s e  a c c e l e r a t e d  
tes ts  a t  p r e s e n t   t o   p r e d i c t   t h e   p e r f o r m a n c e   o f   t h e   b a t t e r y  a t  t h e  
end  of  7 o r  8 y e a r s   i n   o p e r a t i o n .  What we a c t u a l l y   d o   o f  is t o  
p u t  a b a t t e r y   o n   l i f e  t es t .  U s u a l l y  we have   abou t  a two  year  
l e a d .   F o r  example, t h e   I n t e l s a t  V b a t t e r y  i s  s u p p o s e d   t o   b e  
launched   next   month ,   and  we h a v e   a l r e a d y   h a d   a n   I n t e l s a t  V b a t t e r y  
on t e s t  i n   t h e   l a b o r a t o r y   f o r   a b o u t   e i g h t e e n   m o n t h s .  We have  
c o m p l e t e d   t h r e e  ec l ip se  s e a s o n s .  We have   abou t  a two   yea r   l ead   on  
e v e r y t h i n g ,   a n d  s o  w e  a r e  a b l e   t o  work c l o s e l y   w i t h   o u r   c o n t r o l  
c e n t e r   a n d   p r o v i d e   t h e m   w i t h  a l l  t h e s e   d a t a   t o  t e l l  them  what t o  
expect a t  l e a s t  two y e a r s   a h e a d ,   w h i c h  i s  v e r y   i m p o r t a n t   i n   t h e  
commerc ia l   communica t ions  s a t e l l i t e ,  because  we h a v e   t o   p l a n  
a h e a d .   I n   y o u r   I n t e l s a t   s y s t e m   y o u   h a v e   t o   p l a n   y o u r   w h o l e   n e t -  
work t o   m a i n t a i n   y o u r   c o m m u n i c a t i o n   l i n k s   w i t h   t h e   w o r l d .  

I s h o u l d  l i k e  t o  s u m m a r i z e   t h i s  by s a y i n g   t h a t  I d o   t h i n k  it 
w o u l d   b e   w o r t h w h i l e   t o   d o   a n   a c c e l e r a t e d  t e s t .  We s imply   have  
n o t .  We have  had a l o t   o f   a c c e l e r a t e d  tests r u n .   T h e r e   h a s   n o t  
been  one we h a v e   r u n   y e t   t h a t   h a s   h e l p e d  u s  o n e   b i t   i n   p r e d i c t i n g  
what a b a t t e r y  is  g o i n g   t o   d o  a t  t h e   e n d   o f   s e v e n   y e a r s .  

A l o t   o f   a c c e l e r a t e d  tests h a v e   b e e n   d o n e   t o  t e l l  you  whether 
o n e   k i n d   o f   s e p a r a t o r   m a t e r i a l  is b e t t e r   t h a n   a n o t h e r   k i n d   o f  
s e p a r a t o r  mater ia l .  

Once you  have a b a t t e r y  made   you   have   go t   two   t h ings   t o   wor ry  
a b o u t :   t h e   c h a r g e   a n d   t h e   o p e r a t i o n .  F r a n k l y ,   t h e   o p e r a t i o n   o f  
y o u r   b a t t e r y  is  e v e r y   b i t  as  i m p o r t a n t  as  t h e   b a t t e r y   y o u  a r e  mak- 
ing .   Based   on   our  t e s t  d a t a   t o d a y ,  w e  are  g o i n g   t o   t h i s   I n t e l s a t  
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V w i t h  a c o n s t a n t  power   d i scha rge ,   wh ich  i s  someth ing  we have 
n e v e r   d o n e   b e f o r e .  I am s u r e   t h a t   c o n s t a n t  p o w e r   d i s c h a r g e  is 
g o i n g   t o  be a tough   an ima l   because   you  a re  t a l k i n g   a b o u t  maximum 
c u r r . e n t  a t  t h e   e n d   o f   d i s c h a r g e ,   w h i c h  is much h a r d e r   t h a n   t h e  
c o n s t a n t   c u r r e n t   d i s c h a r g e   t h a t  we have   been   l ook ing  a t .  

THILRFELDER: I s h o u l d  l i k e  t o   p r e f a c e   t h i s  b y   d e s c r i b i n g   w h a t  
t h e  Genera l  E l e c t r i c  i n t e r e s t  i s  i n   s y n c h r o n o u s   o r b i t  s a t e l l i t e s ,  
because u n t i l   a b o u t   s i x   y e a r s   a g o  we were s t r i c t l y   i n t e r e s t e d   i n  
t h e  n e a r - E a r t h   o r b i t   t y p e  s a t e l l i t e s .  We d i d  g e t   i n v o l v e d ,   a n d  we 
have  b u i l t  i n   o r b i t   t h e  BSC s a t e l l i t e  f o r   t h e   J a p a n e s e .   T h a t  was 
a t h r e e - y e a r   s y n c h r o n o u s   o r b i t   m i s s i o n .   A f t e r   t w o   a n d  a h a l f  
y e a r s ,  a l l  t h e  TWTs h a v e   f a i l e d ;  a t  two  and a h a l f   y e a r s   t h e y  were 
s t i l l  d o i n g   f i n e .  

We a re  a l s o   t h e   s u b c o n t r a c t o r s   o n   t h e   g l o b a l   p o s i t i o n i n g  
sys t em s a t e l l i t e  t o  R o c k w e l l   I n t e r n a t i o n a l ;   t h e y   h a v e  s i x  s a t e l -  
l i t e s  i n  a 12   hour  e l l i p t i c a l  o r b i t ,   w h i c h  i s  n o t   e x a c t l y   g e o -  
synchronous.   However ,  i t  g o e s   t h r o u g h   f o u r   e c l i p s e   p e r i o d s  a 
yea r ,   and  we h a v e   h a d   t o   r e s o r t   t o  some o f   t he   background   and  d a t a  
o n   g e o s y n c h r o n o u s   o r b i t s   t o   d e s i g n   t h e m .   T h o s e  s i x  s a t e l l i t e s  
have  been up  t h e r e   f o r   t h r e e   y e a r s ,   a n d   h a v e   b e e n   o p e r a t i n g  
t o t a l l y   s u c c e s s f u l l y ,   w i t h   n o   d e g r a d a t i o n   i n   t h e  b a t t e r i e s .  

A s  well  a s  t h a t ,  w e  a r e  c u r r e n t l y   d e s i g n i n g   a n d   b u i l d i n g   t h e  
Defense S a t e l l i t e  Communicat ions  Systems s a t e l l i t e s  f o r   t h e  Air 
F o r c e ;   t h e s e   h a v e  a t e n - y e a r   s y n c h r o n o u s   o r b i t   m i s s i o n .   T h i s  is 
o u r   b i g   c h a l l e n g e .   T h e r e f o r e ,  w e  a r e  now i n t e g r a t i n g   t h e  s a t e l -  
l i t e  and  have a l i f e  t e s t  g o i n g .   H o w e v e r ,   w i t h   t h a t   p r e f a c e ,  I 
h a v e   t o   s a y   t h a t  I c a n n o t   g e n e r a t e   v e r y  much e n t h u s i a s m   a b o u t   t h e  
accelerated t e s t .  I s h o u l d  l i k e  t o   m e n t i o n  some o f   t h e   r e a s o n s .  

I n   t h e  a c t u a l  o p e r a t i o n   o f  s a t e l l i t e s ,  r e l i a b i l i t y   f a c t o r s  a re  
t h e  d e s i g n   a n d   q u a l i t y   o f   n i c k e l  cadmium c e l l s  ( I  t h i n k   e v e r y b o d y  
a g r e e s   o n   t h a t )  t h e  b a t t e r y   c h a r g e   c o n t r o l   s y s t e m ,  a the rma l  
c o n t r o l   s y s t e m ,   a n d  t h e  b a t t e r y   r e c o n d i t i o n i n g   s y s t e m .  

NOW, where we b e g i n   t o   d i f f e r  i s  t h a t   f r o m   o u r   p o i n t  of view 
a l l  t h e   f a c t o r s  a r e  e q u a l l y   i m p o r t a n t .   L o o k i n g   o v e r   t h e   h i s t o r y  
o f   t h e  b a t t e r i e s ,  n o t   o n l y   o u r s  b u t  o t h e r s ,   t h e r e   h a v e   b e e n   v e r y  
few -- p r o b a b l y  less than   25% -- f a i l u r e s   i n   b a t t e r y  c e l l s .  Most 
o f  t h e  f a i l u r e s   h a v e   b e e n   i n  t h e  o t h e r   c a t e g o r i e s ,   b a s i c a l l y  ba t -  
t e r y   c h a r g e   c o n t r o l   s y s t e m   a n d   b a t t e r y   t h e r m a l   c o n t r o l   s y s t e m .  
T h e r e f o r e ,   o n   b o t h   t h e  GPS and i n   t h e  D I S C U S  program we have  gone 
t o   e x t r e m e s   t o   o p t i m i z e   t h e s e .   I n  t h e  acce le ra ted  t e s t  program, 
as I see i t ,  we c o u l d  acce le ra t e  t h e   t e s t i n g   o f   t h e   n i c k e l  cadmium 
ce l l s ,  and s o  c o u l d   h a v e   h i g h   c o n f i d e n c e   i n   t h e m .  We h a v e   a l r e a d y  
h a d   h i g h   c o n f i d e n c e   i n   t h e  c e l l s  f o r   t e n   y e a r s .   H o w e v e r ,  we do  
n o t  see how we c o u l d  acce lera te  t h e   b a t t e r y   c h a r g e   c o n t r o l   s y s t e m  
v a r i a b l e s  or t h e  b a t t e r y   t h e r m a l   c o n t r o l   s y s t e m   v a r i a b l e s ,   w h i c h  
a r e   t h e   o n e s   g i v i n g   t h e   p r o b l e m s .   I n  t h e  b a t t e r y   r e c o n d i t i o n i n g  
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system, we have  decided on a t o t a l   r e c o n d i t i o n i n g   t o  1V per  bat- 
t e r y  on D I S C U S .  Tomorrow I sha l l   p re sen t  some D I S C U S  l i f e   t e s t  
da t a  on these .  

To item no. 5 i n  Dr. Schulman's l e t t e r :  "Will any acce lera ted  
t e s t  program  ever  have  the  necessary  credibil i ty w i t h  p ro j ec t  
managers?" I should  definitely  answer,  no. T h i s  is because I 
d e a l   d i r e c t l y  w i t h  each  of  our  program  managers , and they want t o  
s e e   r e a l   t e s t s ,   o r   e l s e   t h e y  w i l l  be s a t i s f i e d  w i t h  ana lys i s .  
They go  from  one extreme t o   t h e   o t h e r  w i t h  t he   acce le ra t ed   t e s t  
program. 

Everything we do,  for  example, on D I S C U S ,  i s  d i f f e r e n t  from 
what they do i n  In te l sa t :   the   charge  i s  d i f f e r e n t ,   t h e  temper- 
a ture   cont ro l  is d i f f e r e n t ,  and a l l   t he   r econd i t ion ing  is d i f -  
ferent .   Therefore ,  I do no t   be l i eve   t ha t   t hese   t e s t s  would have 
much c r e d i b i l i t y  w i t h  t h e   p r o j e c t  managers. 

BOGNER: A t  Hughes, we a r e   v i t a l l y   i n t e r e s t e d  i n  synchronous 
o rb i t   app l i ca t ion  and are  involved i n  many programs. 

(Figure 27-6)  

Figure 27-6 shows a schematic  of Hughes'  approach t o   a c c e l e r -  
a t ed   t e s t ing .  We have pa rame t r i c   acce l e ra t ion   f ac to r s ,  temper- 
a t u r e s ,  DOD, and of course   the   cyc le   ra tes .  We f e e l   t h a t   t h e  
temperature and DOD a re   the   p r imary   fac tors ,  and the   cyc le   r a t e s ,  
the   d i scharge   ra tes   e tc . ,   a re   secondary   fac tors .  

Therefore, we m u s t  be ca re fu l  when  we in t eg ra t e   t hose   i n to  
your t e s t  program,  because,  as we found out  on the  NASA accele-  
r a t e d   t e s t s ,  you a r e   t e s t i n g   a t  h i g h  temperatures and  you use low 
charge   ra tes ,  you migh t  a s   we l l   fo rge t   t ha t   t e s t ,   because  you can- 
not  charge  your  batteries up. You m u s t  therefore  be judicious i n  
s e l ec t ing  your r a t e s  and temperatures. 

We have a two-pronged  approach. Hong L i m  has done some  work 
i n  acce le ra t ed   t e s t ing  on nylon  separators ,  and I t h i n k  most 
people  agree w i t h  t h a t  work. He is  now s t a r t i n g   t o  do some  work 
on the  swel l ing of e lec t rodes .  We a re   t he re fo re   i den t i fy ing  
l i f e - l i m i t i n g  mechanisms i n  the  components, and a t   t h e  same time 
we are   running  real- t ime  tes ts  and a c c e l e r a t e d   t e s t s  on c e l l s .  We 
pe r iod ica l ly   t ake   t hose   ce l l s   apa r t   t o  do ana lys i s  and make 
comparisons  between some of the  component t e s t s  and acce lera ted  
t e s t s  and c e l l   a c c e l e r a t e d   t e s t s ,  and the   rea l - t ime  tes t s .  We a r e  
beginning  to f i n d  some co r re l a t ions .  We a re   no t   ye t   ab l e   r ea l ly  
es t imate  t h e  e x a c t   l i f e  under the   spacecraf t   opera t ing   condi t ions ,  
but we t h i n k  we a r e   g e t t i n g   t h e r e .  

Some of   the   l i fe - l imi t ing  mechanisms,  not necessa r i ly  i n  
o rder ,   a re   n icke l   e lec t rode   expans ion ,   ac t ive   mater ia l  morphology 
changes,   core   s t ructure   crystal l ine  growth,  cadmium migrat ion,  and 
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what causes t h e   e l e c t r o d e   c a p a c i t y   t o   d e c r e a s e ,   a n d   s e p a r a t o r  
d e g r a d a t i o n .   W h i l e  we s t u d i e d   t h e   s e p a r a t o r   d e g r a d a t i o n ,  w e  are  
now l o o k i n g  a t  t h e   e l e c t r o d e   e x p a n s i o n .  

T h e   p r i m a r y   c o n d i t i o n s  we h a v e   s e t t l e d   o n   i n   t h e   a c c e l e r a t e d  
tests are:  t e m p e r a t u r e  u p  t o  50 C ( i f  we g o  much a b o v e   t h a t ,  
p a r t i c u l a r l y  a t  t h e  c e l l  l e v e l ,  we a re  g e t t i n g   i n t o   o t h e r   f a i l u r e  
m e c h a n i s m s   t h a t   w o u l d   n o t   o c c u r   i n  real-time c o n d i t i o n s ) ;   d e p t h   o f  
d i s c h a r g e   c y c l i n g   a r o u n d  6 0 % ;  and r a t e s  u p  t o  1.5C f o r   b o t h   c h a r g e  
a n d   d i s c h a r g e .  We a l s o   b e l i e v e   i n   p r e c o n d i t i o n i n g ;   t h e   l e v e l   t o  
which  you  go may b e   i n   q u e s t i o n .  

MAURER: F i r s t ,  I am a b e l i e v e r   i n   a c c e l e r a t e d   t e s t i n g ,   w i t h  
two f a c t o r s   t h a t   y o u   h a v e  t o   c o n s i d e r .  One is t h a t   y o u   a l w a y s  
have t o   m a t c h   t h e  f a i l u r e  modes i n   a c c e l e r a t e d   t e s t i n g   w i t h   t h e  
a c t u a l l y   o b s e r v e d  f a i l u r e  modes i n  r e a l  p rac t i ce .  

T h a t   b e c o m e s   d i f f i c u l t   i n   g e o s y n c h r o n o u s   o r b i t  u s e .  The 
a m o u n t   o f   e x p e r i e n c e   t h a t  we h a v e   h a d   i n   t h a t  mode i s  q u i t e  
l i m i t e d .  Cel l  d e s i g n s   h a v e   c h a n g e d   f r o m   t h e  time t h e   o l d e s t   o n e s  
h a v e   b e e n   p u t   i n t o   s e r v i c e .   T h e r e f o r e ,  w e  a r e  i n  a p i n c h   i n  com- 
p a r i n g   w i t h  real-time o r b i t .  However, t h e   o t h e r   t h i n g  you   can   do ,  
which is n o t   e n t i r e l y  a s u b s t i t u t e ,  is  n o t   t o   l o o k  a t  t h e  c e l l  as  
a b l ack  box t h e  way you  normal ly   would   in   an  accelerated t e s t ,  b u t  
t o   a c t u a l l y  take it a p a r t  a s  Mr. Dunlop was d e s c r i b i n g ,   l o o k  a t  
a l l  o f  t h e   f a i l u r e   m e c h a n i s m s   i n   p r o g r e s s  a t  any   one  time, a n d   t r y  
t o   e x t r a p o l a t e   e a c h   o n e   o f   t h o s e   t o  i t s  f a i l u r e   p o i n t .   I n   o n e  set  
of c o n d i t i o n s ,   o n e   f a i l u r e  mode w i l l  d o m i n a t e .   I n   a n o t h e r  s e t ,  
a n o t h e r  w i l l  domina te .  

Accelerated t e s t i n g   a l s o   h a s  some u s e  i n   c o m p a r i n g   o n e   d e s i g n  
w i t h   a n o t h e r   t o  see  whether  w e  a r e  o n   t h e   r i g h t  t r ack  i n   i m p r o v i n g  
t h i n g s .  A s  I h a v e   s a i d   i n   t h e  l a s t  c o u p l e   o f   y e a r s   h e r e   a b o u t  
g e o s y n c h r o n i z a t i o n ,  I l i k e  t o   d i v i d e  i t  u p  i n t o  two  modes ;   the  
s o l s t i c e   a g i n g ,   a n d   t h e   a g i n g   t h a t   o c c u r s   i n   t h e  e c l i p s e  p e r i o d .  
I t h i n k   t h e s e   t w o   t h i n g s  a r e  s e p a r a b l e ,   b u t   t h e y   d o   h a v e   t h e i r  
l i n k a g e s .  I s a i d   t h e  r a t e  of s o l s t i c e   a g i n g  is a f u n c t i o n   o f  
temperature. I t  is a l s o  a f u n c t i o n   o f   o t h e r   t h i n g s   s u c h  as t h e  
c h a r g e  r a t e .  However, t h e   m a j o r   t h i n g   g o i n g   o n   i n   t h e   s o l s t i c e  
p e r i o d  is  n y l o n   d e g r a d a t i o n .   N y l o n   d e g r a d a t i o n   c a n   g i v e  r i s e  t o  
two t y p e s   o f  f a i l u r e  modes:  one is t h a t   t h e  a c t  o f   d e g r a d i n g   t h e  
ny lon  causes t h e   n e g a t i v e   e l e c t r o d e   t o  become f u l l y   c h a r g e d ,   t o  
g e n e r a t e   h y d r o g e n   a n d   t o   v e n t   u n c o n t r o l l a b l y ;   a n d   t h e   o t h e r  is 
t h a t   t h e   d e g r a d a t i o n   p r o d u c t   o f   n y l o n  is c a r b o n a t e ,   w h i c h   h a s  some 
e f f e c t s   o n   t h e  c e l l .  A n o t h e r   t h i n g   g o i n g   o n   i n   t h e  c e l l  is t h a t  
some f a c t o r  i s  g i v i n g  r i s e  t o   c a p a c i t y   l o s s   w i t h  time. I f  you 
look  a t  d a t a   o n   l o n g  time o v e r c h a r g e  of c e l l s  w i t h ,   f o r  example, a 
p o l y p r o p y l e n e   s e p a r a t o r   w h e r e   y o u   d o   n o t   h a v e   t o   w o r r y   a b o u t   n y l o n  
c o n f u s i n g   t h e  i s sue ,  you see a c a p a c i t y   l o s s .  

Looking a t  how you  would acce le ra t e  t h a t ,  I p r e s e n t e d  a pape r  
h e r e   i n   1 9 7 1   o n   a c c e l e r a t e d   a g i n g   o f   b a t t e r i e s   f o r  t e r r e s t r i a l  u s e .  
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( F i g u r e  27-7 1 

I f  you  do a h i g h - t e m p e r a t u r e   o v e r c h a r g e ,  a p l o t   o f  a 
n o r m a l i z i n g   f u n c t i o n ,   w h i c h   a c c o u n t s   f o r   d i f f e r e n t   c u r r e n t s ,  
v e r s u s   1 / T   g i v e s  a g o o d   s t r a i g h t   l i n e   ( F i g u r e  27-7) .  T h i s   h a s   a n  
a c t i v a t i o n   e n e r g y   o f   a b o u t   1 5 k  cal .  Above 80  F ,   t h i s   l i n e   b r e a k s  
a n d   t h e r e  is a n   a c t i v a t i o n   o f   a b o u t   1 9 k c a 1 ,   a n d   a b o v e  or below 
110 F ,  o r  room temperature, r o u g h l y ,   t h e r e  is  a n o t h e r   b r e a k .   T h i s  
i s  a b o u t   6 k c a l .  I t h i n k   b o t h   o f   t h e s e  a r e  n y l o n   d e g r a d a t i o n ,   a n d  
t h i s   o n e   c a p a c i t y  l o s s .  You g e t   t h i s   a c t i v a t i o n  by   l ook ing  a t  t h e  
C r a n e   d a t a ,   f o r  example. 

L e t  u s  l o o k  a t  t h e   t h i n g s   g o i n g   o n   i n   t h e  ec l ip se  p a r t .  The 
r a t e  of d e g r a d a t i o n  is  as  y o u   h a v e   s e e n ,  a f u n c t i o n   o f   t h e   d e p t h  
o f   d i s c h a r g e ,   t e m p e r a t u r e ,   c y c l e   n u m b e r s ,  e tc .  Some o f   t h e   t h i n g s  
going  on a re  t h e   t h i c k e n i n g   o f   t h e   p o s i t i v e   e l e c t r o d e ,   w h i c h  may 
l e a d   t o   s h o r t s ,   a n d   c o r r o s i o n   r e s u l t i n g   f r o m   v a r i o u s  impur i t i e s  
such  as  c a r b o n a t e   i n   t h e  c e l l .  C o r r o s i o n  w i l l  i n c r e a s e   t h e  
c a p a c i t y   o f   t h e   p o s i t i v e   e l e c t r o d e   t o   t h e   p o i n t   w h e r e   h y d r o g e n  is 
g e n e r a t e d   o n   t h e   n e g a t i v e   e l e c t r o d e ,   a n d  s o  it w i l l  b e   t h e  
hydrogen   p rob lem.   And ,   o f   cou r se ,   t he re  is cadmium m i g r a t i o n ,  
which w i l l  l e a d   t o   s h o r t s .  

The r e a l  problem is  t h a t   t h e   c a r b o n a t e ,   a c c u m u l a t e d   o w i n g   t o  
t h e   s o l s t i c e   a g i n g ,   a f f e c t s   t h e  r a t e s  o f   a l l   t h e s e   o t h e r  re- 
a c t i o n s .  We know t h a t   c a r b o n a t e   i n c r e a s e s   t h e   s o l u b i l i t y   o f  
cadmium  and i n c r e a s e s  cadmium m i g r a t i o n .  

Data t h a t  w e  p r e s e n t e d   h e r e  l a s t  y e a r   o n   t h i c k e n i n g  r a t e s  show 
t h a t   c a r b o n a t e   h a d  a d i s a s t r o u s   e f f e c t   o n   t h e  r a t e  of t h i c k e n i n g  
of t h e   n i c k e l   e l e c t r o d e s ,   e s p e c i a l l y  a t  e l e v a t e d  temperatures.  I t  
a l s o   a f f e c t s   t h e   c o r r o s i o n   r a t e .   T h e r e f o r e ,  a l l  t h e s e   r a t e s  a re  a 
f u n c t i o n   o f  time a s  well  as a l l  t h e   o t h e r   v a r i a b l e s ,   a n d  s o  you 
c a n n o t   i g n o r e   o n e ,   a g i n g ,  w i t h  r e s p e c t   t o   t h e   o t h e r s .   T h a t  is  why 
you   can   ge t  4 0  e c l i p s e   s e a s o n s   i f  you i g n o r e   s o l s t i c e ,   w h i c h  is 
o b v i o u s l y   a n   e r r o r .  You t h e r e f o r e   h a v e   t o   i n c l u d e   t h e   s o l s t i c e  a s  
well i n   t h e s e   t h i n g s .  

I n   o u r   a c c e l e r a t e d   a g i n g   p r o g r a m ,  we w o u l d   a l l o w   t h e  c e l l  t o  
spend a c e r t a i n   a m o u n t   o f  time i n   s o l s t i c e   a g i n g   a n d  a c e r t a i n  
amount  of time i n   e c l i p s e   a g i n g   b a c k   a n d   f o r t h   t o  accumulate an  
e q u i v a l e n t   o f   t e n   y e a r s .  Our f i r s t   s h o t  of  t h a t   g i v e s  u s  f a i l u r e s  
w h e r e   y o u   e x p e c t   f a i l u r e s   t o   o c c u r .   H o w e v e r ,  it is t o o   e a r l y   t o  
t a l k  a b o u t   t h a t  now. We s h a l l   p r o b a b l y  t a l k  a b o u t  i t  n e x t   y e a r ,  
and a t  t h e  same time i n t r o d u c e   t h i n g s   t h a t   w o u l d   e l i m i n a t e  some o f  
t h o s e   f a i l u r e   m o d e s ,   s u c h  a s  e l e c t r o c h e m i c a l l y  made p o s i t i v e  
e l e c t r o d e s   a n d   p o l y p r o p y l e n e   s e p a r a t o r s .  

However, w e  have  now changed   the   mechanisms,   and  so  t h e  
a c c e l e r a t e d   a g i n g   m e c h a n i s m s  w e  u s e  f o r  a ny lon  c e l l  w i l l  n o t   b e  
d i r e c t l y   a p p l i c a b l e   t o   t h e   o n e  we h a v e   w i t h   t h e   p o l y p r o p y l e n e  c e l l .  
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McDERMOTT: I s h o u l d   a l m o s t  l i k e  t o   q u e s t i o n   t h e   p a n e l   m y s e l f  
--does it 

The idea would be t o   r u n   t w o  tests s i m u l t a n e o u s l y .  Acceler- 
a t e d   t e s t i n g  attempts t o   r e d u c e   t h e   w h o l e  time t h a t  a t e s t  takes,  
o t h e r w i s e   y o u  a r e  i n  a w h o l e   c y c l e  of t e n   y e a r s .  You c a n n o t  make 
improvements   and see i f   t h o s e   i m p r o v e m e n t s  are  g o i n g   t o  m a k e  s e n s e  
u n l e s s   y o u   r u n  a l i f e  t e s t .  You a re  t h e n   i n   a n   e i g h t - y e a r   o r  a 
t e n - y e a r   c y c l e .  

We are  i n t o  a " C a t c h - 2 2 "   s i t u a t i o n   i n  t h a t  t h e  b e t t e r  you 
b u i l d  t h e  b a t t e r i e s ,  t h e  l o n g e r   t h e y  a r e  g o i n g   t o   r u n   o n  l i f e  
t e s t s ,  and it i s  g o i n g   t o  t a k e  l o n g e r   t o   f i n d   o u t   w h a t   i m p r o v e -  
men t s   shou ld  be made, and s o  you m u s t  t o p  i t  o f f  a t  some p o i n t .  

BONERS: What is  t h e  c o r r e l a t i o n   b e t w e e n   t h e   a c c e l e r a t e d   a g i n g  
and t h e  r e a l  wor ld?  

McDEWlOTT: I t h i n k   t h e   o n l y  way you  can t e l l  is i f  you  can 
f i n d   i n  t h e  acce lera ted  mode some f u n c t i o n a l   r e l a t i o n s h i p s   t h a t  
c a n   e x t r a p o l a t e  back t o  t h e  r e a l  mode. I t  i s  d i f f i c u l t ,  b u t  i t  
seems t h a t   t h i s  i s  t h e   o n l y  way. I n   o t h e r   w o r d s ,   i f   y o u   f i n d   t h a t  
you c a n   i s o l a t e   o u t   o n e   o f   t h e   f a c t o r s  l i k e  d e p t h  of  d i s c h a r g e   o r  
t e m p e r a t u r e  a t  d i f f e r e n t   l e v e l s ,   t h e n   y o u   c a n   e x t r a p o l a t e  back t o  
r ea l  l i f e .  The   on ly  way you   can   conf i rm it is t o   a c t u a l l y   h a v e  a 
r e a l - l i f e  t e s t  g o i n g   o n .   T h a t  was t h e  idea  beh ind  t h e  Crane   pro-  
gram. I suspect  t h a t  you   could   do  it f o r   o t h e r  acce le ra td  
p a r a m e t e r s .  

SCHULMAN: I m i g h t   a d d   t h a t  t h e  acce le ra td  p r o g r a m s   g e n e r a l l y  
h a v e ,  or c a n   h a v e ,   t w o   f u n c t i o n s .  One i s  t o   p r o v i d e  a d a t a  base 
s o  t h a t  we c a n   p e r f o r m  some model ing  and m a k e  p r e d i c t i v e   m o d e l s  
f o r   t h e   u s e   o f   t h e   b a t t e r y   e n g i n e e r .   T h e   s e c o n d  i s  t o   p r o v i d e  a 
s c r e e n i n g  medium s o  t h a t  we c a n   d e t e r m i n e ,   i n  a v e r y   s h o r t  t ime, 
what i s  w o r t h   p u t t i n g   i n t o  a v e h i c l e .  A t  p r e s e n t  it is a v e r y  
d i f f i c u l t   t h i n g   t o   d e t e r m i n e .  

DUNLOP: One o f   t h e   t h i n g s  t h a t  is i n t e r e s t i n g   a b o u t   t h i s  
d i s c u s s i o n  i s  t h a t  w e  a r e  t a l k i n g   a b o u t   n i c k e l  cadmium. You may 
be l o o k i n g  a t  t h e  wrong b a t t e r y   s y s t e m   f o r   t h e   s y n c h r o n o u s   o p e r -  
a t i o n ,  because we a re  p r o b a b l y   g o i n g   t o   s w i t c h   t o   n i c k e l   h y d r o g e n  
in   communica t ion  s a t e l l i t e s  v e r y   s h o r t l y .  I t h i n k  t h a t  f r o m   t h e  
middle  of   1981,  we i n t e n d   t o   s w i t c h  a l l  o u r  s a t e l l i t e s  ( I n t e l s a t  
V, I n t e l s a t  V-A, I n t e l s a t  V I )  t o   n i c k e l   h y d r o g e n .  

SCHULMAN: I t h i n k   y o u  m u s t  remember t h a t  t h e  same problem i s  
g o i n g   t o  e x i s t  w i t h   n i c k e l   h y d r o g e n .  

DUNLOP: The same problem w i l l  n o t  e x i s t .  

SCHULMAN: The p r o j e c t   o f f i c e  i s  p u t t i n g   o u t   t h e  same i n f o r -  
ma t ion .  Your a r e  g o i n g   t o   h a v e   t h e  same answers .  
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SCOTT: I was g o i n g   t o  r a i s e  t h e  same q u e s t i o n .  You know w e  
a r e  spend ing  a l o t   o f  time a n d   e n e r g y   h e r e   d e b a t i n g   a b o u t  how t o  
p roduce  a c r e d i b l e   l i f e  t e s t  t h a t  a program  manager w i l l  b e l i e v e .  
I want t o  a s k  Mr. Dunlop how h e  i s  g e t t i n g   h i s   p r o g r a m   m a n a g e r   t o  
g o   a l o n g   w i t h   n i c k e l   h y d r o g e n   w i t h   n o  l i f e  test .  

DUNLOP: The I n t e l s a t  V b a t t e r y  is v e r y  s imilar  t o   t h e  NTS I1 
b a t t e r y .  The b a t t e r y  is a much- improved   ve r s ion   o f   t he  NTS I1 i n  
terms o f   b a t t e r y   w e i g h t .   H o w e v e r ,   t h e  c e l l s  a re  v e r y  s imilar ,  and 
i n   a c c e l e r a t e d   c y c l i n g  w e  r e a l l y   h a v e  a real-time t e s t  go ing   on .  
The NTS I1 b a t t e r y   h a s   c o m p l e t e d   e l e v e n  ec l ipse  s e a s o n s   i n  r ea l  
time. The t e s t  s t a r t e d   i n   1 9 7 5 .  The b a t t e r y  was b u i l t  by TRW 
u s i n g  NTS I1 c e l l s .  

The o t h e r   t h i n g  i s ,  w e  have   r . un   acce le ra t ed  tests o n   t h o s e  
ce l l s  t h a t   h a v e   b e e n   c y c l e d   f o r   o v e r   1 0 , 0 0 0   c y c l e s .   T h e  acceler-  
a t e d  tes ts  a r e  l i k e  t h r e e   h o u r   c y c l e  tests and s i x  h o u r   c y c l e  
tests and a l o t  o f  o t h e r   v a r i a b l e s .   H o w e v e r ,   t h e y  a re  u p  t o   a b o u t  
1 0 , 0 0 0   c y c l e s .  

The o t h e r   t h i n g   t h a t   y o u   g e t   i n t o ,   b y   t h e  way, w i t h  any   sys t em 
-- and I t h i n k   t h i s  was a l l u d e d   t o  a number of  times t h i s   m o r n i n g  
a n d   d u r i n g   t h e   c o u r s e   o f   t h e   p a n e l   d i s c u s s i o n  -- i s  t h a t  when you 
t r y  a n d   e v a l u a t e  a c e l l  d e s i g n ,   y o u   h a v e   t o  u s e  more  than j u s t  
t e s t  d a t a .  You h a v e   t o   l o o k  a t  w h a t   h a s   g o n e   i n t o   t h e  c e l l .  I f  
you take a n i c k e l   h y d r o g e n  c e l l  and  look a t  t h e   d e g r a d a t i o n  
m e c h a n i s m s   t h a t   e x i s t   f o r   n i c k e l   h y d r o g e n   s y s t e m s ,  you  have 
a c t u a l l y   e l i m i n a t e d   m o s t   o f   t h e   d e g r a d a t i o n   m e c h a n i s m s   t h a t   h a v e  
b e e n   d i s c u s s e d   t h i s   m o r n i n g   i n   t e r m s   o f   s e p a r a t o r s .   I n  terms o f  
p o s i t i v e   e l e c t r o d e s ,  we h a v e   g o n e   t o   t h e   e l e c t r o c h e m i c a l l y  i m -  
p r e g n a t e d   p o s i t i v e   e l e c t r o d e s   w i t h  much l o w e r   l o a d i n g   l e v e l s ,  
which   have   been   shown  in   acce le ra ted  t e s t  p r o g r a m s   t o   e x p a n d  
s i g n i f i c a n t l y  less.  T h i s  is  w h e r e   a n   a c c e l e r a t e d  t e s t  program 
r e a l l y   p a y s   o f f .  You c a n   c o m p a r e   d i f f e r e n t   t y p e s   o f   e l e c t r o d e s   i n  
a s i m i l a r  t e s t  mode a n d   r e a l l y   e v a l u a t e  how they   behave   unde r  
a c c e l e r a t e d   t e s t i n g   t o   g e t  a f i g u r e   o f  meri t  be tween   t he   two .  

SCBULMAN: Are y o u   s a y i n g   t h a t   y o u  a r e  i n   f a v o r   o f   a c c e l e r a t e d  
tests o n   c o m p o n e n t s   r a t h e r   t h a n   o n   t h e   t o t a l   s y s t e m s ?  

DUNLOP: Yes, t h a t  i s  b a s i c a l l y   w h a t  I h a v e   s a i d .  

MAURER: On a c c e l e r a t e d   t e s t i n g   f o r   e i t h e r   n i c k e l  cadmium o r  
n i c k e l   h y d r o g e n ,  some o f   t h e   p r o b l e m s   t h a t   h a v e   s u r f a c e d   i n   r e c e n t  
y e a r s   i n   n i c k e l  cadmium,  which I e x p e c t  w i l l  a l s o   o c c u r   i n   n i c k e l  
hydrogen ,  are  some o f   t h e   l o w   a c t i v a t i o n   e n e r g y   p r o c e s s e s .  One o f  
t h e   p r o b l e m s   i n   a n y   k i n d   o f   a c c e l e r a t e d  t e s t  i s  j u s t  t h e s e  low- 
a c t i v a t i o n   e n e r g y   p r o c e s s e s .   I f   y o u  t a k e  a 1 5 k c a l   a c t i v a t i o n ,   y o u  
c a n   g e t  many y e a r s   o f   r e a l  time o r   r e a l   o p e r a t i n g   c o n d i t i o n   i n  a 
f a i r l y   s h o r t   p e r i o d .   H o w e v e r ,   i f   y o u   l o w e r   t h e   a c t i v a t i o n   e n e r g y  
j u s t  down t o   5 k c a 1 ,   t h i s  i s  a n   a c t i v a t i o n   e n e r g y  fo r  a l o t  of 
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diffusion processes. Some of the  problems  going on in  the nickel 
electrode  could be dehydration of the  active  material  (giving  rise 
to  capacity loss), or creep  of the Teflon  in  the  hydrogen 
electrode,  giving  rise to wettability problems. Processes in that 
activation  energy  range could take  two  to  three years  at 80 C to 
be equivalent  to ten years. Therefore,  even if you accelerate 
them to  very  high  levels, it takes  a  very long time before you can 
see whether they will give you  trouble  in  the  objective time of 
your designs. 

All you  have  really  done in the usual kind of accelerated 
testing is to eliminate the high activation  energy  processes, but 
you  have to be careful of the load. 

ROGERS: If,  as  has been discussed,  you eliminate the 
chemically-impregnated  positives as we do in  nickel  hydrogen by 
putting in  elecrochemicals, and  if you  change the separator 
material to a  longer-life  material, and if you trickle-charge the 
cadmium  electrodes,  should  you  not  have  a long-life nickel cadmium 
cell as well? 

DUNLOP: What  you  have said is correct. I think the major 
point  of  interest,  though, is that  even if you did all those thing 
f o r  nickel  cadmium,  nickel  cadmium  systems would still inherently 
have the cadmium  migration  problems as discussed by  Dr. Scott 
today, and they do  not have  the  same  overall  life  expectancy as 
nickel hydrogen. 

THIERFELDEK: Intelsat may be switching to the  nickel hydro- 
gen. However,  there  are  a  lot  of programs. We  have  just  made  a 
product-improvement  study on DISCUS, and we are  starting  a  new 
design  on GPS. On both of these programs we traded off  nickel 
cadmium  versus  nickel hydrogen. Both of these  programs will con- 
tinue with  nickel  cadmium for at  least another ten or fifteen 
years. However,  at General Electric we have  considered  the use of 
nickel hydrogen for the near-Earth orbits. 

SCHULMAN: I should  like to thank the panel for their cooper- 
at ion. 
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S E S S I O N   V I  

N I C K E L  CADMIUM  PERFORMANCE AND T E S T I N G  

D.  BAER,  C h a i r m a n  
G o d d a r d  Space F l i g h t   C e n t e r  





APPEARANCE  OF SECOND PLATEAU  VOLTAGE 
G. Halpert 

Goddard Space F l i g h t   C e n t e r  

I s h o u l d  l i k e  t o  t a l k  a b o u t   t h e   s e c o n d   p l a t e a u   v o l t a g e ,   f r o m  
t h e   e x p e r i e n c e   t h a t  we h a v e   g a i n e d  a t  C r a n e  i n  our t e s t i n g  o f  two 
d i f f e r e n t   k i n d s   o f  c e l l s  -- t h o s e   t h a t  a r e  u s e d   i n  TIROS N a n d  
NOAA A s p a c e c r a f t ,   a n d   t h e n   f o l l o w   t h a t   w i t h  some l i f e  e x p e r i e n c e  
on  t h e  s t a n d a r d  c e l l s .  

The TIROS N c e l l s  were o r i g i n a l l y   c a l l e d  30A h c e l l s  as d e s i g -  
n a t e d   b y   t h e   m a n u f a c t u r e r .  However, we m a d e   s o m e   c h a n g e s .   F i r s t ,  
w e  l o w e r e d   t h e   l o a d i n g   i n   t h e   p o s i t i v e  p l a t e s  a n d   t h e   n e g a t i v e  
p l a t e s  by  some l o % ,  c o n s i s t e n t   w i t h   s t a n d a r d  c e l l  l o a d i n g s .   T h a t  
h a s   b e e n   r e p o r t e d   i n  t h e  C r a n e   i n i t i a l   e v a l u a t i o n  tests,  a n d   a l s o  
h e r e  a t  t h e   W o r k s h o p   i n   t h e  p a s t  y e a r s .  An o b v i o u s   r e a s o n   f o r  
l o w e r i n g   t h e   l o a d i n g  i s  t o   d e c r e a s e   t h e   e x p a n s i o n   o f   t h e   p o s i t i v e  
a n d   h e n c e   i n c r e a s e  l i f e .  I t  a l s o   p e r m i t t e d   u s  t o  p u t  more elec- 
t r o   y t e   i n   t h e s e  c e l l s ,  and  w e  have  somewhere  between 3 .5  and  
4cm 3 /A h.  A s  a r e s u l t  o f  l o w e r i n g   t h e   l o a d i n g ,  we r e q u e s t e d   t h e  
m a n u f a c t u r e r   t o   c h a n g e   t h e  name o n   t h e  c e l l ,  b e c a u s e  i t  was n o t  
c o n s i s t e n t   w i t h   t h e   l o a d i n g   a n d   n o m i n a l   c a p a c i t y   d e s i g n a t i o n s   i n  
t h e   p r e v i o u s  ce l l s .  We a g r e e d ,   b e t w e e n  RCA and GE a n d   o u r s e l v e s ,  
t o  c a l l  it a 26.5A h c e l l .  By v i r t u e   o f   t h a t ,  a l l  t h e  t es t s  a r e  
d o n e   o n   t h e   b a s i s   o f  26.5A h ,   t h e   n o m i n a l   c a p a c i t y .   T h e  c e l l s  
a c t u a l l y   h a d   a b o u t  30A h i n   c a p a c i t y .  

(Tab le   28 -1 )  

T a b l e   2 8 - 1   s l i d e   i n d i c a t e s   t h a t  we h a d   t w o   5 - c e l l   p a c k s  a t  
C r a n e ,   e n t i t l e d  26G and  26H. The o r b i t   p e r i o d  was t y p i c a l l y  
90-100 m i n u t e s .   T h e   t e m p e r a t u r e   f o r   b o t h  tes ts  was 1 0  C .  The 
o n l y  new d i f f e r e n c e   b e t w e e n   t h e   p a c k s   w a s   t h a t   o n e   w a s   2 5 %   d e p t h  
o f   d i s c h a r g e   a n d   o n e  was 20%.   These   were   f rom  the  same l o t  o f  
c e l l s  t h a t  was f lown   on  TIROS N and  NOAA A.  T h e   c h a r g e   c u r r e n t s  
were o n   t h e  low s i d e   f o r   w h a t  w e  n o r m a l l y   r u n ,   b u t  were t y p i c a l  of 
what  RCA was r u n n i n g  a t  t h e  time, 5 . 3  and  6 .62A  in   two cases. We 
r a n   t h e m  a t  t h a t   l e v e l   f o r   a b o u t   6 4 0 0   c y c l e s   a n d   t h e n   r a i s e d   t h e  
c u r r e n t   t o  7.5A c h a r g e   o n   e a c h   o n e ,   w h i c h  i s  c o n s i s t e n t   w i t h   t h e  
C/4 r a t e .  We c h a r g e  a t  t h a t   c u r r e n t   u n t i l  it r e a c h e s  a v o l t a g e  
l e v e l  of 1 . 4 5 7   p e r  c e l l  ( T a b l e   2 8 - 2 ) .  

( T a b l e   2 8 - 2 )  

I s h a l l  s h o w   y o u   a n o t h e r   c u r v e   w h i c h   i n d i c a t e s   t h e  RCA v o l t a g e  
limits a n d   t h e  NASA s t a n d a r d   v o l t a g e  limits. 

The l e v e l s  a re  shown i n   F i g u r e  28-1.  The RCA l e v e l  3 is  t h e  
same as G o d d a r d   l e v e l  6 i n  b o t h  cases. T h e   r e s i s t o r   a n d   t h e  
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s i g n a l   e l e c t r o d e   c i r c u i t  was 300  ohms,  and so  e s s e n t i a l l y   t h e y  are  
t h e  same, e x c e p t   f o r  a b i t   o f   t h e   c h a r g e  r a t e  a n d   t h e   d e p t h   o f  
d i s c h a r g e .  

( F i g u r e   2 8 - 1 )  

F i g u r e   2 8 - 1   s h o w s   t h e   v o l t a g e  limits t h a t  NASA h a s   e s s e n t i a l l y  
w r i t t e n   i n t o  i t s  s t a n d a r d   b a t t e r y   d o c u m e n t .   T h e r e  i s  now a new 
i s s u e   o f   t h a t ,   R e v i s i o n  B .  The s o l i d   l i n e s ,  1 t o  8 ,  a r e  t h e   e i g h t  
l e v e l s   t h a t  w e  have  recommended  and a r e  i n   t h e   S o l a r  Maximum 
M i s s i o n  (SMM) s p a c e c r a f t .  

The d o t t e d   l i n e s  show t h e   v o l t a g e   l e v e l s   t h a t  RCA i s  u s i n g   i n  
i t s  TIROS N and  NOAA A spacecraf t .  

( F i g u r e   2 8 - 2 )  

J u s t  t o  g i v e   y o u   a n   i d e a   t h a t   e v e r y t h i n g  seems t o   b e   g o i n g  
well ,  F i g u r e   2 8 - 2   s h o w s   s o m e   1 1 , 0 0 0   c y c l e s   o f   h i s t o r y   o n  26G; t h i s  
i s  a 2 0 %   d e p t h   o f   d i s c h a r g e  c e l l .  

The d o t s ,   w h i c h  a r e  t h e   s i g n i f i c a n t   o n e s   t h a t  a r e  d r o p p i n g ,  
r e p r e s e n t   t h e   e n d   o f   d i s c h a r g e   v o l t a g e ;   t h i s   d r o p  was t h e   r e a s o n  
why it r a n   6 0 0 0   c y c l e s ,   a n d   o n e   o f   t h e   r e a s o n s   w h y ,  a t  abou t   6400  
c y c l e s ,  w e  r a i s e d   t h e   c h a r g e   c u r r e n t   t o  7.5A.  What i t  d i d  r a i s e  
is t h e   c h a r g e - t o - d i s c h a r g e   r a t i o   ( r e p r e s e n t e d   b y   t h e  X s ) ;  t h e y  a r e  
a l l  q u i t e  low, a n d  w e  f i n d   t h a t   i n  most o f   o u r   o p e r a t i o n s  now t h e  
c h a r g e - t o - d i s c h a r g e   r a t i o s  a r e  b e t w e e n   1 0 3   a n d  105.  A t  o n e   p o i n t  
it went   up t o  a b o u t   1 0 7 ,   a n d   s o m e w h a t   s t a b i l i z e d   t h e   e n d   o f   d i s -  
c h a r g e   v o l t a g e .   H o w e v e r ,   t h e   p u r p o s e   o f   s h o w i n g   t h i s  i s  t o   i n d i -  
cate t h a t   e v e r y t h i n g  i s  d o i n g  we l l ,  and   you   would   never  know 
a n y t h i n g   a b o u t  a s e c o n d   p l a t e a u   b a s e d   o n   t h i s .  

( F i g u r e   2 8 - 3 )  

F igure   28-3   shows a s imi la r  s i t u a t i o n   f o r   t h e  26H c e l l s .  We 
do see t h a t   t h e   e n d  of  d i s c h a r g e   v o l t a g e   s t a r t e d   t o   d r o p   a g a i n ,  a t  
a b o u t   6 0 0 0   o r   6 4 0 0   c y c l e s .   A g a i n ,   t h i s  i s  t h e   r e a s o n  w e  r a i s e d  
t h e   c h a r g e   c u r r e n t  a l i t t l e ;  i t  d i d   n o t   h a v e  much e f f e c t .   F i n -  
a l l y ,  I am n o t   s u r e   w h a t   w o u l d   h a v e   h a p p e n e d   i n   t h i s  a r e a ,  b u t  i t  
d i d   l e v e l   o u t .  I t  d i d  s t a r t  d r o p p i n g   a g a i n ,   a n d   a c t u a l l y  as  w e  
g o t   t o w a r d   t h e   e n d   o f   a b o u t   1 0 0 0   c y c l e s  w e  d i d  r a i s e  t h e   v o l t a g e  
l e v e l   f r o m   1 . 4 5 7   t o   1 . 4 7 7 V  per c e l l .  T h a t   d i d  r a i s e  t h e  C / D  f rom 
a b o u t  1 0 3  t o   a b o u t   1 0 6 .   A g a i n ,   e v e r y t h i n g  i s  d o i n g  wel l ,  and  you 
would   never  know t h e r e  i s  a n y   s e c o n d   p l a t e a u .  

( F i g u r e   2 8 - 4 )  

F i g u r e  28-4   shows,   for   pack  26G, t h e   t y p i c a l   s i x - m o n t h  capac- 
i t y  t e s t ,  which we r u n  e a c h  time o n   e a c h  pack. One c e l l  ( c e l l  no.  
1) is removed   f rom  the  c i r c u i t   o n   t h e   f i r s t  t e s t  a t  t h e   e n d  of s i x  
months.  A t  t h e   e n d   o f  t w e l v e   m o n t h s ,  c e l l s  1 and 2 a re  removed. 

306 



A t  t h e   e n d   o f   e i g h t e e n   m o n t h s ,  c e l l s  1, 2 and  3 a r e  removed,   and 
so  o n .   T h e s e  a r e  t h e   i n d i v i d u a l  c e l l s  you see a f t e r   s i x   m o n t h s ,  
c e l l  no.  2 a f t e r  t w e l v e ,  3 a f t e r  e i g h t e e n   m o n t h s ,   a n d  c e l l  no.  4 
a t  t h e   e n d  of t w e n t y - s i x   m o n t h s .  

You see t h e   c a p a c i t y   h a s   c h a n g e d   r e l a t i v e l y  l i t t l e .  However, 
t h e   v o l t a g e  is  l o w ,  down t o  abou t   105V per c e l l .  W i t h i n  a v e r y  
s h o r t  time a f t e r  we h a v e   t a k e n   o u t   o u r   2 0 %   d e p t h  of d i s c h a r g e ,  w e  
a r e  down o n   t h e   l o w e r  l e v e l .  

( F i g u r e   2 8 - 5 )  

Pack 26H shows a s imi l a r  e f f e c t .  We see t h e   v o l t a g e   l o w e r e d  
a f t e r   s i x   m o n t h s ,   a n d   t h e n   t w e l v e .  I t  s t a y s   p r e t t y   c o n s t a n t   o v e r  
t h e   2 4 ,  26 m o n t h s   t h a t  w e  d i d   t h e  t e s t .  A g a i n ,   t h e   v o l t a g e   l e v e l  
i s  l o w e r e d ,   b u t   t h e   c a p a c i t y  is  s t i l l  t h e r e .  

From t h a t ,  I d e c i d e d   t o   t r y  a d i f f e r e n t   a p p r o a c h   i n   l o o k i n g  a t  
t h i s   k i n d   o f   d a t a .  

( F i g u r e   2 8 - 6 )  

I p l o t t e d  it i n  a d i f f e r e n t  way. F i g u r e  28-6 h a s   a m p e r e   h o u r s  
o n   t h e   o r d i n a t e   v e r s u s   t h e   n u m b e r   o f   c y c l e s   i n   t h o u s a n d s   o n   t h e  
a b s c i s s a .   T h i s   i n d i c a t e s   t h e   c h a n g e   i n   a m p e r e   h o u r s   t o   c e r t a i n  
v o l t a g e   l e v e l s .   I f  w e  l o o k  a t  t h e   b o t t o m   c u r v e ,  w e  see  t h a t  is 
t h e  number o f   a m p e r e   h o u r s   t o   1 . 2 V .   T h e r e f o r e ,   w i t h i n  a p e r i o d   o f  
less t h a n   s i x   m o n t h s ,  w e  a r e  down t o  a l i t t l e  o v e r  8A h t o   1 . 2  V. 
A f t e r   o n e   y e a r ,   r o u g h l y  5000  c y c l e s ,  we a r e  down t o  a 6A h c e l l ,  
and  i t  is p r e t t y   l e v e l   f r o m   t h e r e   o n .  

A t  t h e  1 . 1 V  l e v e l   t h e   c a p a c i t y  i s  a l i t t l e  h i g h e r .   T h e   s i g -  
n i f i c a n c e ,   k i n d   o f   i m p o r t a n t   s i g n i f i c a n c e   b e c a u s e  w e  h a v e   b e e n  
t a l k i n g   a b o u t   r e c o n d i t i o n i n g ,  remember t h a t  c e l l  no.  1, f o r  
e x a m p l e ,  was t a k e n  down e v e r y   s i x   m o n t h s ,   w h e r e   t h e   o t h e r   o n e s  a re  
t a k e n  down i n   t h e   s e q u e n c e   o v e r   l o n g e r   p e r i o d s .  We c a n  see t h a t ,  
i f  w e  t ake  it down e v e r y   s i x   m o n t h s   a n d   t h e n   p u t  it b a c k   i n   t h e  
c i r c u i t ,   t h i s   r e a l l y  is t h e   e f f e c t   o f   r e c o n d i t i o n i n g ,  i . e .  t h e  
i n c r e a s e   i n   t h e   a m p e r e   h o u r s  t o  a g i v e n   v o l t a g e .   I n   t h i s   p a r t i c u -  
l a r  case it  is  m o r e   s i g n i f i c a n t   t h a n  I h a v e   s e e n   i n   o t h e r s .   I f  
you   go   up  t o  l V ,  t h e   c a p a c i t y   s t a y s   p r e t t y   h i g h ;  a t  0.9V it  a l s o  
s t a y s   p r e t t y   h i g h .  

T h e   r e c o n d i t i o n i n g   h e r e  is n o t   a n   a b s o l u t e   r e c o n d i t i o n i n g ,   b u t  
a d i s c h a r g e   t o  0.75V.  The c e l l  i s  t h e n   p u t   b a c k   i n   t h e   c i r c u i t  
a n d   t e s t i n g  is c o n t i n u e d .  

( F i g u r e   2 8 - 7 )  

F i g u r e  28-7 shows 26H, t h e   2 5 %   d e p t h  of d i s c h a r g e  c e l l ;  t h e  
v o l t a g e   h a s   r e d u c e d   s i g n i f i c a n t l y ,  o r  more r a p i d l y   t h a n   i n   t h e  
2 0 %   d e p t h   o f   d i s c h a r g e  c e l l .  T h e r e  is h a r d l y   a n y   c a p a c i t y  a t  

I .. 
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10A h ,   e v e n  t o  1 . 1 V ,  a n d   t h e r e  i s  h a r d l y   a n y   e f f e c t  of r e c o n d i -  
t i o n i n g .   T h e  f a c t  t h a t  we t o o k  i t  o u t   e v e r y   s i x   m o n t h s   d i d   n o t  
c h a n g e   v e r y  much t h e r e  a t  a l l .  Of c o u r s e ,   t h e   c a p a c i t y  i s  t h e r e  
t o  1 V . .  Those TIROS N c e l l s  a r e  c o n t i n u i n g ,   a n d  we are  making some 
d e c i s i o n s   w i t h   w h a t  w e  w a n t  t o  d o  a t  p r e s e n t .  

I s h a l l  now move o n   t o   t h e   n e x t   s u b j e c t :  some o f   o u r   d a t a  
f r o m   C r a n e   o n   t h e   s t a n d a r d  c e l l s .  I appreciate  t h e   h e l p   o f  J i m  
H a r k n e s s  a t  C r a n e   i n   p r e p a r i n g   t h e s e   f i g u r e s .  

(Tab le   28 -3 )  

Tab le   28 -3   shows  a summary o f   o u r   t e s t i n g  a t  C r a n e .   I f   y o u  
r e m e m b e r ,   t h e   s t a n d a r d  c e l l  p r o g r a m   h a d   f o u r   d i f f e r e n t   m a n u f a c -  
t u r e r s .  T h e r e  were f o u r   p a c k s   f o r   e a c h   m a n u f a c t u r e r :   o n e  a t  
1 0  C a n d   4 0 %   d e p t h   o f   d i s c h a r g e ,   t h e   s e c o n d  a t  20 C and   25%  dep th  
of d i s c h a r g e ,  a t h i r d  a t  20 C a n d   4 0 %   d e p t h   o f   d i s c h a r g e ,   a n d  
f i n a l l y  a f o u r t h   p a c k  a t  30 C and 4 0 %  d e p t h   o f   d i s c h a r g e .  

The t a b l e  s h o w s   t h e   n u m b e r   o f   c y c l e s   a n d   t h e   c u r r e n t   s t a t u s .  
T h i s  is  o u r   t h i r d   y e a r  now o n   t h e  GE tests and  we a r e  c o n t i n u i n g  
t h o s e   b e c a u s e   t h e y  a r e  q u i t e  s imilar  t o   t h e  c e l l s  i n   t h e  SMM 
s p a c e c r a f t ,   a n d  a r e  c o n s i d e r e d   t h e   s t a n d a r d  c e l l s .  We are  d i s c o n -  
t i n u i n g   t h e   o t h e r s  a f t e r  t w o   y e a r s   b e c a u s e   t h e y  a re  n o   l o n g e r  
a v a i l a b l e ,   a n d  w e  a r e  n o t   u s i n g   t h e m .   T h e   Y a r d n e y  c e l l s  h a v e   n o t  
r e a c h e d   t h e   t w o - y e a r   p o i n t ,   a n d  s o  w e  are  c o n t i n u i n g   w i t h   t h a t  
t e s t  f o r   t h e  time b e i n g .  

You w i l l  n o t i c e   t h a t  a l l  t h e  c e l l s  i n   t h e   4 0 %   d e p t h   o f   d i s -  
c h a r g e ,   3 0  c ,  r e g i m e   h a v e   f a i l e d   f o r   o n e   r e a s o n   o r   a n o t h e r ,   e x c e p t  
t h e   Y a r d n e y   o n e s ,   w h i c h  a r e  a p p r o a c h i n g  a two y e a r   p o i n t .  We 
s h a l l   h a v e   t o  see what  we c a n   d o   w i t h   t h e s e   i f   t h e y   c o n t i n u e   t o  
work i n   t h e  same f a s h i o n .  One p o i n t  I m i g h t  m a k e  i s  t h a t   t h e  
Yardney c e l l s  h a v e   e l e c t r o c h e m i c a l   p o s i t i v e   a n d   n e g a t i v e   i n   t h e i r  
c e l l s .  

I s h a l l  now show  you   t he  same k i n d   o f  a c u r v e  I d i d   w i t h   t h e  
TIROS N ;  t h a t  i s ,  t h e   e f f e c t   o f   c h a n g e   i n   c a p a c i t y   w i t h  time. 

( F i g u r e   2 8 - 8 )  

I n   F i g u r e  28-8 ( t h e  GE c e l l s ,  1 0  C ,  4 0 %  D O D ) ,  t h e   a b s c i s s a  
r e p r e s e n t s   t h e   v o l t a g e ,   t h e   l i f e   i n   m o n t h s   a n d   t h e   c h a r g e -  
d i s c h a r g e  r a t i o ,  a n d   t h e   o r d i n a t e   r e p r e s e n t s   t h e   a m p e r e   h o u r s .  
These  a r e  n o m i n a l  20A h c e l l s .  T h e   m a n u f a c t u r e r s  were r e q u i r e d   t o  
h a v e   t h e   c a p a c i t y  of 24 + 2A h .  We see h e r e   t h a t   a g a i n  w e  h a v e  a 
s l i g h t l y   h i g h e r   c a p a c i t y - t o   t h e  1 V  limit t h a n  we d i d   p r e v i o u s l y .  
You c a n   a l s o  see t h a t   t o   t h i s   p o i n t   t h e r e  was n o t  much e f f e c t   i n  
t a k i n g   t h e  c e l l s  o u t  o r   n o t   t a k i n g   t h e m   o u t .   I n   t h i s  case ,   ce l l  
no. 4 was t a k e n   o u t   e a c h  time. You c a n  see t h a t   t h e y  a r e  f a i r l y  
c o n s i s t e n t   w i t h   t h e   o t h e r s .   T h e r e f o r e ,   r e c o n d i t i o n i n g ,  s o  t o  
s p e a k ,   t h e  way we d i d  i t ,  was n o t  much h e l p   i n   t h i s  case.  
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(F igu re   28 -9 )  

The   Eag le   P i che r  c e l l  d a t a  shown i n   F i g u r e  28-9 i n d i c a t e   a l s o  
t h a t   f o r  1.2V t h e r e  is  n o t  much c a p a c i t y ,   b u t  a l i t t l e  h i g h e r   t h a n  
t h e   o t h e r ,   a n d  it is a l o t  more  random. 

(F igu re   28 -10)  

F i g u r e  28-10  shows d a t a   f o r   t h e  SAFT cel ls .  They  show t h e  
same k i n d   o f   b e h a v i o r .   A g a i n ,   t h e   c a p a c i t y   d r o p s   o f f   w i t h   r e g a r d  
t o  time t o   t h e   i n d i v i d u a l   v o l t a g e   l e v e l s .  The c a p a c i t y  i s  s i g n i f -  
i c a n t l y   d e c r e a s e d   e v e n   t o  1 V :  1 0 A  h ,  50% o f   c a p a c i t y   i n   1 8   m o n t h s .  

(F igu re   28 -11)  

For the   Yardney  c e l l s ,  which a r e  n o t  as f a r  a l o n g ,  we a l s o  see 
t h e  same t h i n g   ( F i g u r e   2 8 - 1 1 ) .   H o w e v e r ,   t o  1 V  t h e   c a p a c i t y  is 
s t i l l  s o m e w h a t   h i g h e r   h e r e ,   a n d   t o  0.9V,  you see it  is even  
i n c r e a s i n g  a l i t t l e .  

(F igu re   28 -12)  

F i g u r e  28-12  shows d a t a   f r o m   t h e   Y a r d n e y  pack a t  30 C and 4 0 %  
d e p t h   o f   d i s c h a r g e ,   a f t e r   1 8   m o n t h s .   T h e   v o l t a g e s   h a v e  a l l  been 
s u p p r e s s e d   h e r e   b u t   n o t  as d r a s t i c a l l y  a s  w e  h a v e   s e e n   i n  some o f  
t h e   o t h e r s .  

I s h a l l  show  one   more   curve ,   which   dea ls   wi th  a GE pack t h a t  
i s  p a r t  of  t h e   s t a n d a r d  c e l l  p r o g r a m   o n   s y n c h r o n o u s   o r b i t a l  t e s t  
a t  6 0 %  d e p t h   o f   d i s c h a r g e .  

(F igu re   28 -13)  

F i g u r e  28-13 is  t h e  same k i n d   o f   p l o t ,   s h o w i n g   t h a t   t h e   a m p e r e  
h o u r s   t o   t h e   v o l t a g e   l e v e l  a r e  r ema in ing  s t i l l  -- t h e   v o l t a g e  
c u t o f f s   a r e   r e m a i n i n g   f a i r l y   h i g h .  We a r e   r u n n i n g  a t  6 0 %  d e p t h   o f  
d i s c h a r g e   a n d  20 C .  

I n  c o n c l u s i o n  I am p o i n t i n g   o u t   t h a t   t h e s e  c e l l s ,  which   appear  
t o   h a v e   g o o d   c h a r a c t e r i s t i c s   i n  terms o f   t h e i r   o p e r a t i o n a l   o r b i t a l  
p a r a m e t e r s ,  a r e  o b v i o u s l y   s u f f e r i n g   o n   t h e   v o l t a g e   s i d e .   T h e  
s p a c e c r a f t   p e o p l e  w i l l  h a v e   t o   l o o k  a t  t h e   p o s s i b i l i t y ,   i f   t h e y  
a re  g o i n g   t o   n e e d   m o r e   e n e r g y   d u r i n g   t h e   n i g h t   p e r i o d ,   o f   o p e r a t -  
ing   be tween 1 and 1 . 1 V  f o r   s i g n i f i c a n t   p e r i o d s .   H o w e v e r ,   t h e r e  i s  
n o t  much d a n g e r   o f   f a l l i n g   o f f   t h e   e d g e ,   b e c a u s e   t h e r e  i s  o b v i -  
o u s l y   q u i t e  a b i t   o f   c a p a c i t y   l e f t   e v e n  a t  t h a t   l o w e r   l e v e l .  

DISCUSSION 

GASTON: I know t h e  26.5A h c e l l s  h a v e   T e f l o n a t e d   n e g a t i v e s .  
D o  t h e  s t a n d a r d  c e l l s  a l s o   h a v e   T e f l o n a t e d   n e g a t i v e s ?  
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HALPERT: The GE c e l l s  do have  Teflonated  negatives. They a r e  
tne  only  ones  out  of  the  four  manufacturers. 

ALLEN: I not ice  you had a re ference   e lec t rode  on t h e   c e l l s .  
What do you use  those  for?  

HALPERT: We are   no t  u s i n g  them fo r   cu to f f .  We a re   j u s t   u s ing  
them for  a s i g n a l   t o   t e l l  u s  whether t he re   a r e  any pressure 
increases ,  what l e v e l  of pressure   increases  we can  expect, and 
whether t he re   a r e  any  changes.  Certainly, i n  the  GE t e s t s ,  which 
a t   p re sen t  we a r e  most i n t e re s t ed  i n  because  they  are   re la ted  to  
the two spacecraft   programs,  there i s  very l i t t l e   p r e s s u r e   a t   t h e  
end  of charge. We a r e   g e t t i n g   j u s t  a few (20-40) mil l ivo l t s   charge .  
We a r e  j u s t  u s i n g  them for  monitoring. 

ALLEN: You are  not  using them for  charge  control  or  anything? 

HALPERT: We are  not  using them for   charge  control .  Our 
charge  control  is charge a t   cons t an t   cu r ren t s   ove r   t he   vo l t age  
limit which we s e l e c t e d ,  and then  taper.  

ROGERS: Do you know what causes  the  drop i n  vol tage? 

HALPERT: I have some ideas .  I n  a br ief   d iscussion  yesterday 
we disagreed on which electrodes  occur .  And I t h i n k  t he re  i s  some 
general  disagreement  whether i t  i s  posi t ive  or   negat ive.  I t  may 
even be both. I am no t   r ea l ly   su re ,  b u t  I am looking a t   t h a t   a t  
present  
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O p e r a t i n g   P a r a m e t e r s  
TABLE 2 

T a b l e  1 
C e l l  Ser ia l  Numbers  

C e l l  Se r i a l  Numbers  

P a c k  
P o s i t i o n  

PaCk P a c k  
266 26A 

* S i g n a l   e l e c t r o d e  ce11 

T a b l e   2 8 - 1  

Pack  Number 2 6 8  26G 

O r b i t  Period ( h )  
10.0 T e m p e r a t u r e   ( ' C )  

1 . 6 8  1 . 6 8  
1 0 . 0  

ECLIPSE 

** I n c r e a s e d  t o  1 . 4 7 7   V / c e l l  (6SPC L e v e l   7 ,  RCA L e v e l   2 )  
Changed to 7.50 A o r b i t  6453 (266) and 6 4 7 3  ( 2 6 8 )  

o n   o r b i t   1 0 , 1 3 4 .  

T a b l e   2 8 - 2  

MASA STANDARD CELL 

NEAR EARTH OROlT  TEST 

NWSC  CRANE 
AT 

TEST  REGIME: 25% DOD. 2O'C 

CELL 

1 to 4 

- 

TEST  REGIME: 402 DOD. 20°C 

P e r i o d   ( m i n )  
D e p t h  of D i s c h a r g e  ( a )  
C u r r e n t  ( A )  

DAYLIGHT 

P e r i o d   ( m i n )  
C h a r g e   C u r r e n t  ( A )  

TEST  REGIME: 40'. 039. 10°C 

GE 

1 to 4 

- 
la275 

- CELL 

1 
2 
3 
4 

TEST  REGIi4E: 40% 000, 30'C 

CELL 

1 
2 
3 
4 

- 

31.0  

1 1 . 5  9.3 
25 .O  20.0 
31 .0  

6 7 . 0  
5 - 3 0 .  

1.457 

6 .O 
3.0 3 . 0  

6 . 0  
" 0  300 .O 

67 .0  
6.62. 

1.451'. 
t o  VL t o  VL 

CYCLES 

SAFT - EP YO - 
1169G-D+ 11604-D* 10L31 

_ .  

11703-F 
11794-0 

11794-0 
11897-n 

9266-F 
8123-F 
9012-F 
8933-F 

F - F a i l d  
D - Discontinued 
D* - .Discontinued at 2 y e a r s   c y c l e   l i f e  

NOTE: T e s t  s t a t u s  as o f  14 liovember 1980 

4'170-F 
11697-O* 4000-F 11022 
( a l l   c e l l s )  4523-F ( a l l   c e l l s )  

. . 

4687-F 

11445-F  677-0 
7114-F  679-0  10919 

9058-F 626-F 
11004-F  679-0 ( a l l   c e l l s )  

T a b l e   2 8 - 3  
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Figure 1. Nominal Battery Voltage Limits 

F i g u r e   2 8 - 1  

msC/Crane Pack 26A Cycle Parameters 

F i g u r e  28-2 

F i g u r e   2 8 - 3  
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DSCS I11 BATTERY TESTS 
H.  T h i e r f e l d e r  

G e n e r a l  Electr ic  Company 

T h e   G e n e r a l  E l ec t r i c  Company is  i n v o l v e d  i n  t h e   D e f e n s e   S a t e l -  
l i t e  Communica t ions   Sys tems ( D S C S )  p r o g r a m ;  we are b u i l d i n g   t h e  
b a t t e r i e s ,   w h i c h  a re  35A h b a t t e r i e s .   I n  f a c t ,  a l l  t h e   f l i g h t  
ba t te r ies  h a v e  now b e e n  b u i l t .  What I am g o i n g  t o  d i s c u s s  is 
a c t u a l l y   t h e   l i f e  t e s t  ( o f   w h i c h  w e  a re  o n l y   i n   t h e   3 0 - p l u s  
p e r i o d )  w e  a re  now r u n n i n g ,   a f t e r   t h e   f a c t   o f  a l l  t h e  b a t t e r i e s  
b e i n g   d e s i g n e d   a n d   b u i l t .  

( F i g u r e   2 9 - 1 )  

F igu re   29 -1  i s  a p h o t o g r a p h   o f  a f l i g h t   b a t t e r y .   A c t u a l l y ,  
t h i s  is d u r i n g   t h e   a c c e p t a n c e  t e s t ,  a n d   t h e   l i f e - t e s t   b a t t e r y  i s  
n o t  a f l i g h t   c o n f i g u r a t i o n  as  t h a t .   H o w e v e r ,  it is  v e r y  s imi l a r .  
The 1 6  c e l l s  a r e  s t a c k e d   i n   c o n f i g u r a t i o n s   t h e  same a s  t h a t ,  and 
i t  is  wired u p  t h e  same way. 

We d o   n o t   h a v e   t h e   h e a t e r s  a s  w e  see o n   h e r e ,   a n d  t h e  thermo-  
s t a t s .  We do h a v e   t h e   t h e r m i s t o r s   o n   t h e   t o p   i n   t h e  same loca- 
t i o n s  as  i n  t h e  f l i g h t   b a t t e r i e s .  The o t h e r   d i f f e r e n c e   b e t w e e n  
t h e  l i f e - t e s t  b a t t e r y  i s  t h a t  w e  h a v e   f o u r  c e l l s  w i t h   b o t h  pres- 
su re  g a u g e s   a n d   p r e s s u r e   t r a n s d u c e r s   o n  t h e m .  They a r e   n o t   t h e  
f i r s t   f o u r  c e l l s  i n   t h e   c o n f i g u r a t i o n .   H o w e v e r ,   o n   t h e  e l e c t r i c a l  
d a t a   t h e y   a r e  t h e  f i r s t   f o u r  c e l l s .  

( F i g u r e   2 9 - 2 )  

The l i f e  tes ts  t h a t  we a r e  r u n n i n g   a r e   v e r y   m i s s i o n - o r i e n t e d .  
F igure   29-2   shows a p l a n   o f   w h a t  we a re  d o i n g .   I n   t h e   4 5 - d a y  
ec l ip se  p e r i o d ,  t h e  l i n e  is  t h e   n o m i n a l  time of  ec l ip se  g o i n g   f r o m  
z e r o   t o  7 2   m i n u t e s   t o   z e r o .  We have   made   an   approx ima t ion  of t h a t  
w i t h  t h e   h e a v y ,   s q u a r e   l i n e s .   F o r   t h e   f i r s t  8 d a y s  w e  o p e r a t e  a 
4 0   m i n u t e   e c l i p s e   p e r i o d ,  f o r  t h e   n e x t  8 d a y s  a 6 3   m i n u t e   e c l i p s e  
p e r i o d ,   f o r   t h e   n e x t   1 3   d a y s ,   7 2   m i n u t e s ,   b a c k   t o  6 3 ,  a n d   t h e n  
back t o  8. I n   a d d i t i o n   t o   t h e s e  s t e p s ,  w e  a r e   p l a n n i n g   t o   r u n  20 
e c l i p s e   p e r i o d s , ,   b u t   n o t  a l l  t h e  ec l ip se  p e r i o d s  a r e  t h e  same. 

A s  s h o w n   o n   t h e   f i g u r e ,   t h e   e v e n   n u m b e r  ec l ip se  p e r i o d s   o f  4 0  
m i n u t e s   h a v e  a 3 1 %   d e p t h   o f   d i s c h a r g e ,   a n d   t h e   o d d   p e r i o d s   h a v e  a 
d e p t h   o f   d i s c h a r g e .   I n   t h e   o d d   n u m b e r   7 2   m i n u t e   e c l i p s e   p e r i o d s ,  
t h e   d e p t h   o f   d i s c h a r g e  i s  6 2 %   a n d   i n ,   e v e n   n u m b e r   p e r i o d s  it is 
55%. A l l  these t h i n g s  a r e  m i s s i o n   o r i e n t e d ,   d e p e n d i n g   o n   t h e  
power r e q u i r e m e n t s   o f   t h e   s p a c e c r a f t .  

(Table   29-1  ) 
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To a c t u a l l y   s h o w   w h a t  we a re  d o i n g  now, ecl ipse p e r i o d s   n u m b e r  
1 and  20 a r e  p e r f o r m e d  as  shown i n  Table 29-1 .   Dur ing   days  1 - 8 
we o p e r a t e d  f o r  t h e  f i r s t  2 8   m i n u t e s  a t  1 8 . 4 A  d i s c h a r g e ,   a n d  for  
t h e   n e x t   1 2   m i n u t e s ,  a t  16.1A d i s c h a r g e .  We t h e n   r e c h a r g e d  f o r  
1 4 0 0   m i n u t e s ,   w h i c h  i s  t h e   b a l a n c e  of t h e  24 h o u r s  a t  1 . 4 A .  

I s h o u l d   j u s t  l i k e  t o  comment  on t h e  1 .4A.   This  is n o t   t h e  
n o r m a l   c h a r g e  r a t e ,  b u t  i t  is  what  we h a v e   a n a l y z e d   t o   b e   t h e  
l o w e s t   c h a r g e   c u r r e n t   a v a i l a b l e  a t  t h e   e n d   o f   t e n   y e a r s .   T h i s  i s  
a t e n - y e a r   m i s s i o n .  A t  t h e   e n d  of  t h e   m i s s i o n   t h e   p o w e r  w i l l  be  
a r r a y - l i m i t e d ,   a n d   t h e  power l e f t   t o   c h a r g e   t h e   b a t t e r i e s  w i l l  b e  
e q u i v a l e n t   t o  1 . 4 A .  T h i s  i s  t h e n   t h e  worst case f o r   t h e  lowest 
c h a r g e  r a t e .  T h e   s c h e d u l e  c a l l s  f o r  e c l i p s e  p e r i o d  1 a n d   e c l i p s e  
p e r i o d  20 t o  o p e r a t e   w i t h   t h i s   l o w   c h a r g e   c u r r e n t .  

Then it s h o w s   t h a t  w e  i n c r e a s e d   f r o m   2 8   m i n u t e s   t o   5 1   m i n u t e s  
d u r i n g   t h e   s e c o n d   e i g h t   d a y s ,   a n d   t o   6 0   m i n u t e s   f o r   d a y s   1 7 - 2 9 .  
T h a t  h a s   b e e n   r u n ,   n o .  1 ec l ipse  p e r i o d .  

(Tab le   29 -2 )  

Table   29-2   shows ec l ip se  p e r i o d s   2 ,  4 ,  6 ,  e tc .  ( t h e   e v e n - n u m b e r  
ec l ipse  p e r i o d s ) .  We h a v e   c o m p l e t e d  e c l i p s e  p e r i o d   2 ,   a n d  I s h a l l  
show d a t a   o n   t h i s .  

We h a v e   g o n e  t o  what  i s  t h e   n o m i n a l   p o w e r   r e q u i r e m e n t s  of t h e  
spacec ra f t ,  t h a t  is 1 6 . 1 A .   A g a i n ,   t h i s  i s  a c t u a l l y   t h e   w o r s t  case 
f o r   n o r m a l   c o n d i t i o n s ,   f o r   t h e   e x p e c t e d  loads .  The  18.4A was a n  
a d d i t i o n a l   l o a d   t h a t   t h e y   a d d e d   o n  l a t e r .  T h e r e f o r e ,  a t  t h i s  
time, i t  i s  a c t u a l l y   b r o k e n  down i n t o  two e v e n t s ,   a l t h o u g h   t h e  
c u r r e n t s  a r e  t h e  same f o r   e v e n t  1 a n d   e v e n t  2. 

We h a v e  now g o n e   u p   t o   t h e  2.8A c h a r g e ,   w h i c h  i s  t h e   n o r m a l  
c h a r g e   c u r r e n t   e x p e c t e d   d u r i n g   t h e   t e n - y e a r   m i s s i o n ,   e x c e p t   f o r  
t h e   v e r y  l a s t  o n e   o r   t w o  e c l i p s e  p e r i o d s .  

(Tab le   29 -3 )  

The  odd  number e c l i p s e   p e r i o d s   a r e ,  I c o n s i d e r ,   t h e   w o r s t  
cases ,  b e c a u s e   h e r e  we a re  s t a r t i n g   w i t h   t h e   d i s c h a r g e s   w i t h   1 2  
m i n u t e s  a t  1 6 A ,  a n d   t h e  l a s t  p o r t i o n  a t  18 .4A.   These   would   then  
go u p  t o   t h e   6 3 %   d e p t h   o f   d i s c h a r g e .  We h a v e  j u s t  c o m p l e t e d   n o .  3 
e c l i p s e   p e r i o d :   t h e   v a l u e s  a r e  shown i n  Tab le  29-3. 

( F i g u r e   2 9 - 3 )  

Ec l ipse  pe r iod   no .   2 ,   wh ich  was comple ted   some w e e k s  a g o ,  i s  
s u m m a r i z e d   i n   F i g u r e   2 9 - 3 .  We h a v e  a r a t h e r   g o o d   t e m p e r a t u r e  
c o n t r o l .  The t o p   l i n e   s h o w s   ( a n d   t h i s  i s  per d a y ,   4 5   d a y s   i n   r e a l  
t ime)  t h a t   d u r i n g   d i s c h a r g e   t h e   b a t t e r y  w i l l  warm up :   and ,  
a l t h o u g h  we c o n t r o l  it on  a h e a t   s i n k ,   t h e  temperature t h a t  we a r e  
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t r y i n g   t o   h o l d  i s  1 0  C. T h e   e n d   o f   d i s c h a r g e   t e m p e r a t u r e s  are  
somewhat   above   10  C ,  a n d   t h e   e n d  of c h a r g e   t e m p e r a t u r e s  a r e  
s l i g h t l y  below. 

We h a v e  a v o l t a g e - l i m i t e d  taper  c h a r g e :   t h e   n e x t   c u r v e   t h e r e -  
fo re  s h o w s   t h e   e n d   o f   c h a r g e   c u r r e n t .   T h i s   a c t u a l l y   i n c r e a s e s  
f r o m   t h e   b e g i n n i n g ,   a b o u t  a 200mA r a t e ,  t o  a b o u t  400mA. I t  was a 
35A h c e l l ,  and  so  a t  400mA you are  a r o u n d  a C/80 ra te .  A t  t h e  
b e g i n n i n g   y o u  a r e  a r o u n d  a C/160 r a t e .  Thus,  as  t h e  ec l ip se  
p e r i o d   p r o g r e s s e s ,   t h e   b a t t e r y  w i l l  r e q u i r e  more c u r r e n t   a n d   t h e  
v o l t a g e  is h e l d   c o n s t a n t .   T h e   c h a r g e   c u r r e n t  a t  t h e   e n d   o f   t h e  24 
h o u r s  is t h e n   i n c r e a s i n g   d u r i n g   t h e  ec l ip se  p e r i o d .  

The  end of d i s c h a r g e   v o l t a g e s  a re  s h o w n   b e l o w   f o r   t h e   d i f f e r -  
e n t   p e r i o d s .   T h e   w o r s t  time o f   t h e  ec l ip se  p e r i o d ,   o f   c o u r s e ,  is 
day   29 ,   which  i s  t h e   1 3 t h   d a y   o f   t h e   7 2   m i n u t e  ec l ipse  p e r i o d .  We 
h a v e   o n l y   r u n   o n e  ec l ip se  p e r i o d   o f   t h i s   t y p e ,   a n d  s o  I h a v e   n o  
c o m p a r i s o n  as y e t .   E a c h   o f   t h e   t h r e e   e c l i p s e   p e r i o d s  we h a v e   r u n  
h a s   b e e n   d i f f e r e n t .   H o w e v e r ,  as I hope t o   r e p o r t   o v e r   t h e   n e x t  
f e w   y e a r s ,  we s h o u l d  l i k e  t o  show a t r e n d  of  w h a t   t h e s e  a r e  d o i n g  
f rom  one  ec l ip se  p e r i o d   t o   t h e   n e x t .  

( F i g u r e   2 9 - 4 )  

F i g u r e  29-4 s h o w s   t h e  ac tua l  d a t a   f o r   d a y   2 9 ,   w h i c h  I men- 
t i o n e d  as b e i n g   t h e   w o r s t   d a y   o f   t h e  e c l i p s e  p e r i o d .   F o r  ecl ipse 
p e r i o d   2 ,   r u n   i n   A u g u s t   1 9 8 0 ,   t h e   d i s c h a r g e   c u r r e n t s  is automatic- 
a l l y   h e l d  a t  16A.  The v o l t a g e ,   o f   c o u r s e ,  is shown  coming  down. 
The  numbers I h a v e   a d d e d ,   w h i c h   d o   n o t  come o u t   o n   t h e   c o m p u t e r  
p r i n t o u t s ,  a r e  t h e   f i n a l   v a l u e s .  I o b t a i n e d   t h o s e   w i t h   d i g i t a l  
d a t a .  I h a v e   i n d i c a t e d   b o t h   t h e   c u r r e n t ,   a n d   t h e   e n d   o f   d i s c h a r g e  
v o l t a g e .   T h i s  i s  t h e   6 0 - m i n u t e   p e r i o d ,   1 2 0 .  A s  f o r   t h e   p r e s s u r e ,  
we a c t u a l l y   h a v e   o n l y   t w o   o f   t h e   t r a n s d u c e r s   w o r k i n g .   T h e   t r a n s -  
d u c e r s   a r e  less r e l i a b l e   t h a n   t h e  c e l l s .  Of t h e   o r i g i n a l   f o u r  
t r a n d u c e r s   o n   h e r e ,   o n l y   t w o  a r e  w o r k i n g .   F o r t u n a t e l y ,   o n e  i s  on 
t h e   h i g h e s t   p r e s s u r e  c e l l ,  a n d   s i n c e  we s t i l l  h a v e   t h e   p r e s s u r e  
g a u g e s   o n   t h e r e ,  we c a n   r e a d   t h o s e   m a n u a l l y .  We o n l y   p r i n t  o u t  
t w o   t r a n s d u c e r s   a u t o m a t i c a l l y ,   a n d   t h i s  i s  t h e   a v e r a g e  o f  t h e  
t w o .   T h e   p r e s s u r e  i s  d e c r e a s i n g   d u r i n g   t h e   d i s c h a r g e .   T h e  tem- 
p e r a t u r e  i s  b e i n g   h e l d  q u i t e  c lose  t o   1 0  C.  The   72   minutes  a re  
b r o k e n   u p   i n t o   t h e  two p e r i o d s   h e r e .  .The s e c o n d   1 2   m i n u t e s ,   o f  
c o u r s e ,  i s  s t i l l  a t  l 6 A ,   a n d   t h e   d i s c h a r g e  i s  c o n t i n u i n g .  I have  
s u m m a r i z e d   t h e  ampere h o u r s   o u t .   T h i s  was e x a c t l y  16A h .   T o g e h t e r  
w i t h   t h e  3.13A h h o u r s ,   t h i s   g i v e s  a t o t a l  of   19.13A h o u t   w i t h  
t h e   7 2   m i n u t e s   o n   t h e  35A h b a t t e r y .  

I s h a l l  s h o w   t h e   c h a r g e   b a c k   o n   t h e   o t h e r   F i g u r e   2 9 - 5 .  

( F i g u r e   2 9 - 5 )  
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So, y o u   h a d  two d i s c h a r g e ,   t h r e e   d i s c h a r g e ,   a n d   t h e n  it 
i m m e d i a t e l y  goes i n t o   t h e   r e c h a r g e   o f   t h e   b a t t e r y .  A s  I men- 
t i o n e d ,   t h i s  i s  a v o l t a g e - l i m i t e d   s y s t e m .  We h a v e   f o u r   v o l t a g e  
limits, b u t   t h e   s t a n d a r d  limit is w h a t  w e  c a l l  v o l t a g e  limit no.  
2. A t  1 O . C ,  t h i s   t u r n s   o u t  t o  b e   1 . 4 2  or 1.43V per ce l l .  The 
b a t t e r y   r e a c h e s   t h e   v o l t a g e  limit h e r e .  I t  is a b o u t   9 0 %   c h a r g e d .  
T h e   c u r r e n t   s t a y e d   c o n s t a n t  a t  2.8A. When it r e a c h e s   t h e  limit 
t h e   c u r r e n t   g o e s   i n t o  t ape r .  Now, w e  f e e l   t h e  f a c t ,  of c o u r s e ,  
t h e   b a t t e r y  i s  n o t   1 0 0 %   c h a r g e d   h e r e ,  we a re  r e a l l y   g e t t i n g   n o  
o v e r c h a r g e   i n   a n y   a p p r e c i a b l e   c u r r e n t .   T h e   c u r r e n t   d r o p s   o f f   v e r y  
r a p i d l y .  

A t  t h e   p o i n t   w h e r e   t h e   v o l t a g e  limit is  r e a c h e d   t h e  tempera- 
t u r e  is  j u s t   s t a r t i n g   t o   i n c r e a s e  a l i t t l e .  I t  d o e s   n o t   i n c r e a s e  
v e r y   f a r   b e c a u s e   t h e   c u r r e n t  is t h e n   i m m e d i a t e l y   d r o p p i n g   o f f .  
A l s o ,   t h e   p r e s s u r e ,   o f   c o u r s e ,  i s  s t a r t i n g   t o   i n c r e a s e  a t  t h a t  
p o i n t .   T h i s  is 7 2 0   m i n u t e s ,  or 1 2 h .  So, a t  a r o u n d   1 2  h we r e a c h  
a s t a t e  o f   e q u i l i b r i u m   b e t w e e n  a l l  t h e  parameters. T h e   v o l t a g e ,  
t h e   p r e s s u r e ,   t h e   t e m p e r a t u r e   a n d   t h e   c h a r g e   c u r r e n t  a r e  a l l  
c o n s t a n t .  

The  0.420A i s  t h e  number we h a d   p l o t t e d   b e f o r e ,   s h o w i n g   t h e  
e n d   o f   c h a r g e   c u r r e n t   v a l u e s .   I n   t h i s   p a r t i c u l a r  case we h a v e   p u t  
26.45A h (1.38 C/D r a t i o ) .   T h i s  i s  q u i t e  low f o r  a s y n c h r o n o u s  
o r b i t .  We n o r m a l l y   e x p e c t  a f i g u r e   o f  1.5 o r  2 f o r  a C/D r a t i o .  

( T a b l e  29-4 ) 

I w a n t e d   t o   s h o w   t h e  d i g i t a l  d a t a   t h a t  I h a v e   b e e n   s h o w i n g  
w i t h   t h e   c o m p u t e r   c u r v e   p r i n t o u t s .   T a b l e  2 9 - 4   s h o w s   t h e   i n d i v i -  
d u a l  c e l l  d a t a  or t h e   i n d i v i d u a l   r e a d i n g s .  A t  t h e   t o p   t h e r e  a r e  
t h e   a c t u a l  time o f   d a y   a n d   t h e   e l a p s e d  time i n   m i n u t e s .   T h i s  
p a r t i c u l a r   c h a r t  i s  t h e  6 0  m i n u t e   d i s c h a r g e .  I t  i s  programmed t o  
r e a d   o u t   a n d   r e c o r d   e v e r y   s e v e n   m i n u t e s ,   a n d  s o  y o u   h a v e   e a c h   o f  
t h e  c e l l  v o l t a g e s  f o r  e v e r y   s e v e n   m i n u t e s   d u r i n g   t h e   6 0   m i n u t e s .  
T h e n   y o u   h a v e   t h e   c o m p u t e r - c a l c u l a t e d   a v e r a g e  c e l l  v o l t a g e .  You 
h a v e   t h e   c u r r e n t .   T h e   c u r r e n t   a c t u a l l y   s h o w s  a b i g  j u m p  f r o m  0 t o  
7 ,  b u t  t h i s   a u t o m a t i c a l l y   c o r r e c t s   i t s e l f   i n  less t h a n  30s .  
H o w e v e r ,   t h e r e  i s  n o   r e a d i n g   i n   b e t w e e n   t h e r e ,   a n d  s o  it g o e s   f r o m  
1 5 . 7 5   t o   1 6 s .   T h e   a c c u m u l a t e d  ampere h o u r s  a r e  shown. A t o t a l  of 
16A h h o u r s  i s  t a k e n   o u t   d u r i n g   t h a t   h o u r .  We h a v e   t h r e e   t h e r m i s -  
t o r s   o n   t h e r e ,   a n d   t h e  two p r e s s u r e   t r a n s d u c e r s .   T h e   r e a d i n g s  a r e  
shown .   The   ave rage  p re s su re ,  a v e r a g e   t e m p e r a t u r e   a n d   b a t t e r y  
v o l t a g e s  are  a l s o  g i v e n .  A l l  t h e   d a t a  a r e  r e c o r d e d   o n   m a g n e t i c  
tape.  T h e   c u r v e s   a n d   t h i s  is t h e n   r u n   o f f l i n e   o n  a c o m p u t e r   f r o m  
t h e   m a g n e t i c  tape.  

( F i g u r e   2 9 - 6 )  

One o t h e r   t h i n g   t h a t   h a s   b e e n   d i s c u s s e d   q u i t e  a b i t   l a t e l y  is  
r e c o n d i t i o n i n g .   I n   t h i s  t e s t  p r o g r a m  w e  a r e  r e c o n d i t i o n i n g  
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b e t w e e n   e a c h   o f   t h e  ecl ipse p e r i o d s .   F i g u r e  29-6  shows t h e   r e c o n -  
d i t i o n i n g   d i s c h a r g e  a f t e r  ec l ip se  p e r i o d   n o .  2. T h e   ' 5 t h '   i n   t h e  
f i g u r e   l e g e n d   r e f e r s   t o   t h e   f a c t   t h a t   o n   t h e s e  ce l l s  t h i s  is  t h e  
f i f t h  time t h a t  w e  r e c o n d i t i o n e d  it t h i s  way. We d i d  it twice 
d u r i n g   t h e   e n g i n e e r i n g   d e v e l o p m e n t  tes t ,  once b e f o r e - t h e  s t a r t  o f  
t h e  l i f e  t e s t ,  once a f t e r  t h e  f i r s t  ec l ipse  p e r i o d ,   a n d  now a f t e r  
t h e   s e c o n d  ec l ipse  p e r i o d .   I n  our r e c o n d i t i o n i n g   s y s t e m  w e  h a v e  a 
r e s i s t o r  across t h e   e n t i r e   b a t t e r y .  We r e c o n d i t i o n e d   t h e   b a t t e r y  
t o  1 V  per b a t t e r y ,   n o t  1 V  per c e l l .  

However, t h e   t h i n g   t h a t  i s  p r o b a b l y   u n i q u e   a b o u t   o u r   s y s t e m  is 
t h a t  we s t a r t  o f f   w i t h  a r e s i s t o r  t h a t  w i l l  g i v e   u s  a c u r r e n t  of 
a b o u t  350mA, or a b o u t  a C/100 ra te .  However,  when t h e   b a t t e r y  
v o l t a g e   d r o p s   t o  1 8 V ,  t h i s   a u t o m a t i c a l l y   s w i t c h e s   i n   a n o t h e r  
r e s i s t o r   w h i c h   d r o p s   t h e   c u r r e n t  t o  a b o u t   o n e - t h i r d  of t h a t  C/300 
r a t e ,  120mA h e r e .   I n   o t h e r   w o r d s ,  a t  18V, t h e   c u r r e n t ,   w h i c h   h a s  
b e e n   d e c r e a s i n g   b e c a u s e   t h e   v o l t a g e  is  d e c r e a s i n g ,   t h e n  t a k e s  a 
s t e p  f u n c t i o n .  

We a re  a l s o   r e c o r d i n g   t h e   p r e s s u r e ,   b o t h   m a n u a l l y   f r o m  a l l  
f o u r   p r e s s u r e   g a u g e s   a n d   f r o m   t h e   t r a n s d u c e r s .   F i g u r e  29-6 
i n c l u d e s  a p l o t   o f   t h e   h i g h e s t  c e l l  p r e s s u r e .  One of  t h e   t h i n g s  
t h a t  w e  were c o n c e r n e d   a b o u t  was d e v e l o p i n g   p r e s s u r e s   w i t h   r e v e r s e  
ce l l s .  I h a v e   m a r k e d   t h e   p o i n t  a t  w h i c h   t h e   f i r s t  c e l l  r e v e r s e d .  
The f i r s t  c e l l  r e v e r s e d   w h e r e   t h e   c u r r e n t  was a l r e a d y  q u i t e  low, 
a n d   t h e n   t h e   p r e s s u r e   j u s t   s t a y e d   t h e r e .  I t h i n k   t h a t   o n   o n e   o f  
t h e   e a r l y   o n e s  we had a s l i g h t   p r e s s u r e  r i s e .  

On t h i s   d i s c h a r g e ,  t h e  c u r r e n t   d r o p s   t o  a v e r y  low v a l u e ;  w e  
h a v e  7mA a t  t h e   e n d   o f  20 d a y s  when t h e   b a t t e r y   v o l t a g e  i s  1V. On 
t h i s   p a r t i c u l a r   r e c o n d i t i o n i n g   s y s t e m ,   1 3  o f  t h e   1 6  c e l l s  were 
r e v e r s e d ,   a n d  3 c e l l s  s t i l l  h a d   p o s i t i v e   v o l t a g e .  On o n e   o f   t h e  
e a r l y   o n e s ,  a l l  t h e  c e l l s  b u t   o n e  were r e v e r s e d .  None o f  t h e  
r e v e r s a l s  is  g r e a t e r   t h a n   0 . 1 5  V ,  a n d   t h e y  a re  o n l y  a t  0.15V  when 
t h e   c u r r e n t  is s t i l l  a p p r e c i a b l y   h i g h .  When t h e   c u r r e n t   g e t s  
l o w e r ,   t h e y   f a l l ,   u s u a l l y  down be low 100mV. 

( F i g u r e   2 9 - 7 )  

F o l l o w i n g   t h a t   r e c o n d i t i o n i n g ,   w h i c h  is  a b o u t  a t e n   d a y  
( 2 4 0   h )  process ,  w e  c h a r g e d   t h e   b a t t e r y   b a c k   u p   w i t h   t h e   n o r m a l  
c h a r g i n g   s y s t e m  (see  F i g u r e   2 9 - 7 ) .  We h a d   a r b i t r a r i l y   p r o g r a m m e d  
f o u r   d a y s   f o r  i t .  

I t  t u r n e d   o u t   t h a t   t h a t  i s  a b o u t   t h e   r i g h t  time f o r   c h a r g i n g  
t h e   b a t t e r y   b a c k .  We h a d   t a k e n   ( F i g u r e   2 9 - 6 )   a b o u t  40A h o u t   o n  
t h e   r e c o n d i t i o n i n g   d i s c h a r g e ,   a n d  I have   shown  on   F igure   29-7   what  
t h e   a m p e r e   h o u r s   r e t u r n  were. A s  is n o r m a l ,  i t  t o o k   a b o u t  6 - 
6.5 h a t  t h e   f u l l   c u r r e n t ,  2.8A, b e f o r e   t h e   b a t t e r y   w e n t   i n t o  
t aper .  I t  a c t u a l l y  took 70h t o  g e t  4 1 A  h back. F i n a l l y ,  a f t e r  
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t h e  four  d a y s   ( 9 6   h o u r s ) ,  we h a d   r e t u r n e d  4 4 A  h t o   t h e   b a t t e r y .  
The a b s o l u t e   p r e s s u r e s ,   a n d   n o t   t h e   g a u g e  pressures ,  a r e  shown;  31 
pounds i s  a c t u a l l y   a b o u t   1 5   g a u g e .  

As of  t h i s  w e e k  we are  c o m p l e t i n g  ecl ipse p e r i o d   n o .  3. We 
s h a l l   t h e n   g o   i n t o   t h i s   r e c o n d i t i o n i n g   c y c l e ,   a n d   c o n t i n u e .  We 
p l a n   t o   r u n   t h e  20 ec l ip se  p e r i o d s ,   w h i c h  w i l l  t a k e  u s  t o   t h e   e n d  
o f   1 9 8 2 ,   a n d   r e p o r t   o u r  r e s u l t s  a n n u a l l y   h e r e .  

DISCUSSION 

HORNBUCKLE: What is t h e   l i f e   o f   t h e   b a t t e r y ?  

THIERFELDER: 

HORNBUCKLE: What was t h e   p e a k   d e p t h   o f   d i s c h a r g e  a t  t h e   7 2  
m i n u t e s ?  

THIERFELDER: I t  was 63%.  

HORNBUCKLE: G e n e r a l l y ,   f o r   s y n c h r o n o u s   o r b i t ,  I know we do  
n o t   a l l o w   t h e   b a t t e r y   t o   s u p p o r t   t h e   l o a d   d u r i n g   n o n - e c l i p s e  
p o r t i o n s   o f   t h e   o r b i t .   S o m e t i m e s  i t  happens .  I was wondering 
w h e t h e r   t h i s   o c c u r s   o n  DSCS I11 a t  any   t ime?  

THIERFELDER:  Yes. We h a v e   d i s c h a r g e   d u r i n g   t h e   s u n l i g h t  
p e r i o d  when t h e y   t u r n   o n  some o f   t h e  special  l o a d s .  

HORNBUCKLE: How do  you t a k e  t h a t   i n t o   a c c o u n t   i n   y o u r   p r e d i c -  
t i o n   o f   l i f e   a n d   i n   y o u r   l i f e   t e s t i n g ?  

THIERFELDER: We have  made t h e   a s s u m p t i o n   t h a t   t h e s e   d i s -  
c h a r g e s   d u r i n g   t h e   s u n l i g h t   p e r i o d  w i l l  h a v e   n o   s i g n i f i c a n t  
e f f e c t .  I t  is  a r b i t r a r y .  

HORNBUCKLE: D e p e n d i n g   o n   t h e   d e p t h   o f   d i s c h a r g e ,   t h a t  i s  
e v e r y   o r b i t .  I t  c o u l d   b e   e v e r y   o r b i t ,   a n d  it c o u l d   b e   s i g n i f i -  
c a n t .  I d o   n o t  know t h e   d e p t h   o f   d i s c h a r g e   d u r i n g   t h e   s u n l i t  
p o r t i o n s .  

THIERFELDER: I d o   n o t   t h i n k  w e  h a v e   e v e r   a n a l y z e d   t h i s   i n  
d e t a i l .  I t  h a s   b e e n   d i s c u s s e d  a t  t h e   m e e t i n g s   w i t h   t h e  Air 
Force.  However, I d o   n o t   t h i n k   t h a t   t h e   a m o u n t   t a k e n   o u t   w o u l d   b e  
more t h a n  2 o r  3% o f   t h e   c a p a c i t y   o f   t h e   b a t t e r i e s .  I t  would   no t  
be a h i g h   p e r c e n t a g e .  

GASTON: I d o   n o t  know how many b a t t e r i e s  you   have   on   the  
s p a c e c r a f t ,   b u t   y o u   m e n t i o n e d   t h a t  i t  takes  a b o u t  1 0  d a y s   t o  
r e c o n d i t i o n .   I f   y o u   h a v e   t w o  it would t a k e  you 20 d a y s ,   a n d   f o r  
t h r e e  it would take 30 d a y s .  
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THIERFELDER: We have   134   days .  

GASTON:  How many b a t t e r i e s   d o   y o u   h a v e  i n  t h e   s p a c e c r a f t ?  

THIERFELDER: We h a v e   t h r e e .  

GASTON: That  means  you  have t o  s t a r t  y o u r   r e c o n d i t i o n i n g  a t  
l e a s t  30 d a y s   b e f o r e .  Are y o u   n o t   c o n c e r n e d   t h a t   b y   t h e  time you 
g o   i n t o  eclipse season   you   might   have  l o s t  some o f   t h e   e f f e c t  of 
r e c o n d i t i o n i n g ?  

THIERFELDER: No, w e  a r e  n o t .  

ROGERS:  Do you  have a s p e c i f i c   r e a s o n   f o r   c h a n g i n g   f r o m  C/100 
t o  C/300 d i s c h a r g e  r a t e  o n   r e c o n d i t i o n i n g ?  

THIERFELDER: Yes, we a r e  v e r y   s p e c i f i c   a b o u t   t h e   r e v e r s a l   o f  
t h e  ce i l s .  We d o   n o t   w a n t   t o   h a v e   a n y   h i g h   r e v e r s a l   c u r r e n t s .  A 
p a p e r   h a s   b e e n   p r e s e n t e d   t o   s a f e l y   r e v e r s e  a t  a C/100 r a t e ,  b u t  
j u s t  t o  make s u r e  we h a v e   g o n e   t o  a C/300 r a t e .  

RISEBOROUGH:  You h a v e   n o t   p r o v e d   t h a t  C/100 i s  h a z a r d o u s ?  

THIERFELDER: No, we a r e  j u s t  b e i n g   c o n s e r v a t i v e .  

FOUGERE: When you g e t   t h e   f i r s t   r e v e r s a l ,   h a v e  y o u   n o t i c e d  
t h e   p r e s s u r e   e v o l u t i o n   u n t i l   t h e   e n d   o f   d i s c h a r g e   o f   t h e   b a t t e r y ,  
and  what was t h e   l e v e l  o f  t h i s   p r e s s u r e ,   i f   a n y ?  

THIERFELDER:  We d o   n o t  see a pressure  r i s e  when t h a t  c e l l  
r e v e r s e s .  

ELIASON:  You show  on  Figure 29-7 t h a t  you   charge  u p  from a 
f u l l y   d i s c h a r g e d  c e l l ,  a n d   t h e n   r e c o n d i t i o n i n g   o c c u r s   i n   6 h ?  Is 
t h a t   c o r r e c t ?  

THIERFELDER:  I t  g o e s   i n t o   t a p e r  a t  6h. A t  t h a t  time it  i s  
n o t   f u l l y   c h a r g e d .  You o n l y   h a v e  30A h b a c k   i n .  

ELIASON: What i s  y o u r   c h a r g e   r a t e ?  

THIERFELDER: I t  is 2 . 8 .  

ELIASON: 2.8 times 6h o n l y   g e t s  you a b o u t   h a l f w a y   t h e r e .  You 
want t o  be u p  t o   a b o u t  30A i f  i t  is a 34A h c e l l .  

THIERFELDER: When it i s  down h e r e   y o u   c a n  p u t  34A h back .  
T h e r e f o r e ,  a t  t h a t   p o i n t   y o u  p u t  less back.  I d i d   n o t   h a v e   t h e  
number a n n o t a t e d   f o r   u p   t h e r e .  

ELIASON: However, i f  you are  c h a r g i n g  a t  C/12, it is  g o i n g  to 
take you a t  l ea s t  t e n  h o u r s   t o   g e t  u p  t o   y o u r  34A h.  
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THIERFELDER: It takes  about 2 4  hours. 

HORNBUCKLE: Do you  recondition  on  the  spacecraft? 

THIERFELDER: Yes. This circuit  we  are  using  to  run  this 
reconditioning is the  same  circuit  that  was  used on the  spacecraft. 
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N I C K E L  CADMIUM CELL OPTIMIZATION PROGRAM 
D. Hafen 
Lockheed 

My o b j e c t i v e   t o d a y  i s  t o   g i v e  a s h o r t   p r e s e n t a t i o n   o n  a t e s t  
program.  The d a t a  w i l l  come o u t   o f   t h e   p i p e l i n e   a r o u n d   n e x t  
November a t  t h e  I C E C .  The o b j e c t i v e   o f   t h i s   p r o g r a m  is t o  t e s t  
s i x  ce l l s .  T h e   d e s i g n   o f   t h e s e  c e l l s  i n v o l v e d   t a k i n g  a b a s e l i n e  
c e l l  and  making  minor  changes t o  i t ,  k e e p i n g   t h e  same b a t t e r y  
package.  The way w e  conduc ted  i t  is  much l i k e  o u r   s t a n d a r d  Lock- 
heed t e s t ,  t o   g o   t h r o u g h   a n   a c c e p t a n c e  t e s t ,  a parameteric t e s t  t o  
de t e rmine   op t imum  ope ra t ing  parameters, and a l i f e  t es t .  I s h a l l  
g o   m o r e   i n t o   t h a t  a t  t h e   e n d  of t h i s   p r e s e n t a t i o n .  

(Table   30-1)  

The way t h a t  w e  c h a n g e d   t h e   d e s i g n s   o f   t h e s e  c e l l s  was based  
on a f e w   c o n s i d e r a t i o n s  (See Table   30-1) .  One was p r e c h a r g e :  w e  
l o w e r e d   t h e   p r e c h a r g e   v a l u e   t o   3 0 % ,  s o  t h a t  we would  have a l i t t l e  
more o v e r c h a r g e   p r o t e c t i o n .  We e x a m i n e d   t h e   e l e c t r o c h e m i c a l  
m e t h o d   o f   i m p r e g n a t i n g   t h e   p o s i t i v e   i n  a c o u p l e  of  t h e s e   d e s i g n s .  
T h i s  was t o   r e d u c e   g r o w t h ,   t h e r e b y   l e n g t h e n i n g   t h e   l i f e ,   a n d   a l s o  
t o   h a v e  a more s t a b l e   e l e c t r o d e   i n   g e n e r a l .   T h e r e  a r e  a c o u p l e   o f  
t h i n g s   i n   T a b l e   3 0 - 1   t h a t  a r e  n o n e x p l a n a t o r y .  One o f   t h e s e  i s  t h e  
s e p a r a t o r   c o m p r e s s i o n .  The way we a r r i v e d  a t  t h a t  was f i r s t   t o  
c o n s t r u c t  a g r a p h   o f   t h e   p e l l o n   s e p a r a t o r   v o i d   v o l u m e   v e r s u s  
m i l l i l i t e r s  o r  mil l imeters  a l l o c a t e d .   F o r   e a c h   o f   t h e s e   d e s i g n s  
we j u s t  t o o k   t h e   t w o   v o i d   v o l u m e s   a n d   d i v i d e d   t h e m   t o   g e t   a n   i d e a  
of   which  one is compressed   the   mos t .  

The  55-3 ( f i r s t   c o l u m n )  i s  o u r   b a s e l i n e   d e s i g n .   M o s t   o f   t h e s e  
h a v e   l o w e r   c o m p r e s s i o n s .   H i g h   c o m p r e s s i o n   i n   t h e   s e p a r a t o r   h a s  
been   hypo thes i zed  a s  l e a d i n g   t o   f a i l u r e .  

( F i g u r e   3 0 - 1 )  

Figure  30-1  shows a d i a g r a m   o f  how t h e  c e l l s  a r e  r e l a t e d   t o  
e a c h   o t h e r .  We have  a 55-5 c e l l ,  which is  much l i k e  c e l l s  t h a t  
o t h e r   a e r o s p a c e   p e o p l e   b e s i d e s   o u r s e l v e s   h a v e   t e s t e d .  The o n l y  
d i f f e r e n c e   h e r e  was t h a t   t h e y  were hydrogen-ven ted   i n s t ead   o f  
oxygen-vented .   The   o ther   four  a r e  new d e s i g n s   u s i n g   v a r i o u s  
combina t ions .  One o f   t h e m   r e d u c e s   t h e   l o a d i n g s   t o   t h e   l e v e l   u s e d  
i n   t h e   o l d  RSN 45 c e l l ,  w h i c h   h a d   a n   e x c e l l e n t   c y c l e   l i f e .  

D u r i n g   t h e   m a n u f a c t u r e   o f   t h e s e  c e l l s  b y   E a g l e   P i c h e r ,  we made 
s e v e r a l   o b s e r v a t i o n s   o f   t h e   m a n u f a c t u r e r ' s   p r o c e s s .  When w e  
s t a r t e d   o u t ,  w e  n o t i c e d   i n   t h e   F l e i s c h e r   p r o c e s s   t h a t   t h e   n e g a -  
t i v e s   e n d  up  o u t   o f   t h e   p o l a r i z a t i o n   p r o c e s s   i n  a cha rged  s t a t e ,  
which i f   c o n t i n u e d ,   c o u l d   l e a d   t o   u n d e s i r a b l e  species o f  cadmium 
o x i d e  e tc .  Someone s u g g e s t e d   t h a t  w e  d i s c h a r g e   t h e   n e g a t i v e s  s o  
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t h a t   t h e y   w o u l d   n o t  react  so f a s t .  We t r i e d   t h a t ,   b u t  it was n o t  
g o o d   f o r   t h e   s o l u t i o n s   o r   t h e   e l e c t r o d e s .   T h e r e  were heavy 
d e p o s i t s   o f   c a d m i u m   h y d r o x i d e   o n   t h e   s u r f a c e .  

We a l s o  made t h e   o b s e r v a t i o n   t h a t  w e  h a d   g r e a t   g r o u p i n g   o f   t h e  
p o s i t i v e   p i c k u p   w e i g h t s ;   t h e y  a l l  w e n t   t h e  same number of   impreg-  
n a t i o n   c y c l e s .   H o w e v e r ,   l o o k i n g  a t  a g i v e n   i m p r e g n a t i o n   c y c l e ,  
some o f   t h e   n e g a t i v e s  were o u t   o f   r a n g e ,   a n d  some of   them were 
n o t .   T h e r e f o r e ,  some of  them  had t o   g o   o n e   m o r e   c y c l e ,   w h i c h  
s h o u l d   n o t   r e a l l y   b e  a c r i t i c a l  t h i n g  a s  l o n g  as you  have a r i g h t  
weight.   However,  i t  w o u l d   b e   d e s i r a b l e   i f  somehow t h e y  a l l  had 
t h e  same l e v e l   t o   b e g i n   w i t h .  

A s  f o r   t h e   f o r m a t i o n   p r o c e s s ,   E a g l e   P i c h e r   n o r m a l l y   d o e s   o n e  
f o r m a t i o n   c y c l e   o n l y ,   b u t   f o r   o u r   p r o g r a m   t h e y   a g r e e d   t o   d o  
th ree .   Fo r   mos t  o f  t h e i r   e l e c t r o d e s ,   h o w e v e r ,   t h e   d i s c h a r g e  is 
incomple t e .  One o f   t h e   r e a s o n s  i s  a premature time limit o n   t h e  
p o s i t i v e s ,   a n d   f o r   b o t h   t h e   p o s i t i v e s   a n d   n e g a t i v e s  it i s  a case 
o f   f i r s t - c e l l - t o - o n e - v o l t .   S i n c e   t h e r e  i s  a se r ies  s t r i n g   t h o s e  
ce l l s  t h a t  d i d   n o t   r e a c h  1 V  a r e  i n c o m p l e t e l y   d i s c h a r g e d .  The 
vendor  added a c o u p l e   o f  new h o l d i n g   t a n k s   b e f o r e   h e   s t a r t e d  
manufac tu r ing   ou r  c e l l s .  

The c o n d i t i o n i n g   p r o c e s s  was per formed a l i t t l e  d i f f e r e n t l y  
f r o m   h i s   s t a n d a r d   b y   a d d i t i o n   o f  a power   d i scha rge ,   wh ich  was t o  
assure  t h a t   t h e   n e g a t i v e   w o u l d   r e a c h   f u l l  s t a t e  o f   c h a r g e ,   w h i c h  
was s a i d   t o   b e  a p r o b l e m .   T h e n ,   i n s t e a d   o f   u s i n g  a c o n s t a n t   v a l u e  
o f   t h e   o v e r c h a r g e   p r o t e c t i o n ,  it was c a l c u l a t e d   f r o m   t h e  capaci-  
t i e s  t h a t  were f o u n d   i n   t h e  NASA-type e l e c r o d e   e v a l u a t i o n  t e s t ,  
t h e   f l o o d e d  t e s t .  F i n a l l y ,  a r i g o r o u s   o v e r c h a r g e  t e s t  was per- 
formed a t  t h e   e n d .  I t  was a b o u t  C / 1 0  f o r  24 h o u r s ,   g e t t i n g  a 
l a r g e   p e r c e n t a g e   o f   r e c h a r g e   i n t o   t h e m ,   a n d   l o o k i n g  a t  t h e  pres-  
su re  t o   d e t e r m i n e   i f   t h e   e l e c t r o l y t e  was r i g h t .  By t h e  way, t h e  
e l e c t r o l y t e  was c a l c u l a t e d   f r o m   t h e   v o i d   v o l u m e   o f   t h e   s e p a r a t o r  
and   t he  p la tes .  

(Tab le  30-2) 

G o i n g   i n t o   t h e  p l a t e  d a t a   b r i e f l y ,   t h e r e  a r e  t w o   l o a d i n g  
l e v e l s   f o r   e a c h   t y p e   o f   e l e c t r o d e .   T h e y  a re  shown i n   T a b l e   3 0 - 2 .  
I d o   n o t   t h i n k   t h e r e  is a n y t h i n g   u n e x p e c t e d   i n   t h i s  t a b l e .  The 
u t i l i z a t i o n   o f   t h e  EDs a r e  g r e a t e r .  

( F i g u r e   3 0 - 2 )  

F i g u r e  30-2  shows a p i c t u r e  of  t h e s e  c e l l s  i n   o u r  t e s t  s e t u p ,  
showing   t he  pressure t r a n s d u c e r s   a n d  so  on. 

( F i g u r e  30-3 ) 

Figure  30-3  shows a d i a g r a m   o f   t h e   p r o g r a m .   G o i n g   i n t o   t h e s e  
t e s t s  a l i t t l e ,  t h e   a c c e p t a n c e  t e s t  i s  a s t a n d a r d   t h i n g :   w e i g h t s ,  
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capacit ies,  o v e r c h a r g e   c a p a b i l i t y  a t  t h r e e   d i f f e r e n t  temperatures 
( I  t h i n k  a t  25 C we g o   f o r  C / 1 0  f o r  a l o n g  time, a t  0 C w e  t r y  
C/20 and a t  -20 C w e  g o   f o r  C / l O O ) .  A s  f o r   c h a r g e   r e t e n t i o n ,  w e  
c h a r g e  it u p  and l e t  i t  s t a n d   f o r  a w e e k  a n d   t h e n   d o   t h e   c a p a c i t y  
dump t o  see i f   t h e r e  i s  a n y   s e l f   d i s c h a r g e   i n  AC and DC imped- 
ances .   The re  is t h e n  a s p l i t ,  o f f   i n t o   f i v e  c e l l s  g o i n g   i n t o  
parametric tests and  two ce l l s  g o i n g   t o   a n   a c c e l e r a t e d  t e s t .  T h i s  
accelerated t e s t  is n o t  l i k e  t h e   n o r m a l   a c c e l e r a t e d  t e s t ;  i t  
i n v o l v e s   c o m p l e t e l y   c h a r g i n g   t h e  c e l l  a n d   d i s c h a r g i n g  it e v e r y  
c y c l e .   U s u a l l y  w e  do  it a t  a C/2 r a t e ,  so  t h a t  it r e a l l y  s t r e s ses  
t h e  ce l l .  You may n o t   g e t   t h e   c y c l e s   g o i n g  so f a s t ,   b u t   y o u  are  
s t r e s s i n g   t h e  c e l l  more   qu ick ly .   These  c e l l s  should   rank   them-  
s e l v e s   i n   t h e  same o r d e r   o f   b e s t   t o   w o r s t .  You c o u l d   n o t ,  how- 
e v e r ,  p r e d i c t  t h e   l i f e   i n   t h e  s a t e l l i t e  f r o m   t h i s .  I h a v e   t h e  
p a r a m e t r i c  t e s t  shown as 1 5 %  DOD and 3 0 %  DOD m a t r i x .   A c t u a l l y ,  w e  
have dec ided  t o   c h a n g e   t h a t   t o  a s t a n d a r d   v a l u e   o f   2 5 %  DOD a t  a 
c o u p l e   o f   t e m p e r a t u r e s ,   w h i c h  w i l l  a l l o w  u s  t o  run   more   cu to f f  
l e v e l s  a t  e a c h   m a t r i x   e l e m e n t .  The l i f e  t e s t  w i l l  be a t  a wors t -  
case c o n d i t i o n ,   2 5 %  a t  25 C .  

I have shown h e r e  t h a t  we s h a l l  s e l e c t  t h e  bes t  c e l l  a f t e r  
6 m o n t h s .   T h i s   s i m p l y   s h o w s   t h a t ,  by then ,   enough da t a  w i l l  come 
o u t  of t h i s  r i g o r o u s  t e s t  t o   p r o b a b l y   s a y   w h i c h  i s  bes t .  Of 
c o u r s e ,   t h e  c e l l s  w i l l  c o n t i n u e   a f t e r   t h i s   f o r   h o w e v e r   l o n g   t h e y  
want . 
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NICI(E1- CADP~lIUM  OPTIMIZATION 
CELL CHARACTERISTICS 

~ ~ __ "_ ~~ 

RSN 55-3A RSN 55-13.4 RSN 55-11A RSN 55-9A RSN 55-7A RSN 55-5-4 

NEGATIVE  LOADING lClIN!1 

0.59 0.65 0.69  0.60 0.69 POSITIVE  LOADING IGIIN.ll 

1.07 1.07 1.07 , 1.07 1.07 ~_ ___ ____ "" ~~ 

0. 8s 

"" _____ . -  "_ 0.60 

I TlVE  PLATE 
IhlPRBCNATlON OF POSI- I 

C = CIICUICAL 

CHELllCAL 
E C =  E L E c l n o -  C 
"" - . 

2506 

.~ "" ~~ " " .- 
CALCULATED  SEPARATOR 5u 
COUPRESSION I P C R C t N T I  

EC 

1506  

Table  30-1 

PLAQUE  TYPE 

LIGHTLY  LOADED  NEGATIVES 

HEAVILY  LOADED  NEGATIVES 

0.210 

0 . 2 u o  

0.187 

0.169 

0.210 

0.128 

LIGHTLY LOAOEO EO POSITIVES 

HEAVILY  LOADED  ED  POSITIVES 

. 
I " 

Table 30-2 
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CELL DESIGN  RELATIONSHIPS 

RSN 55" 

1505 SEPARATOR 

ED POSITIVES 
INCORPORATE 

NEG i 0.112 g1lN.I  

RSN 55- I IA 

F i g u r e  30-1 F i g u r e  30-2 

NICKEL-CADMIUM CELL OPTIMIZATION  PROGRAM 

F i g u r e  30-3 
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MULTIMISSION MODULAR SPACECRAFT  PARALLEL  BATTERY TESTS 
M .  T a s e v o l i  

Goddard   Space   F l igh t   Cen te r  

A b a t t e r y  t e s t  program was u n d e r t a k e n   a b o u t   t h r e e   y e a r s   a g o  a t  
Goddard t o   s t u d y   t h e   e f f e c t ,   p e r f o r m a n c e   a n d   o p e r a t i o n  of p a r a l l e l  
b a t t e r y   o p e r a t i o n  as it  a f f e c t s   b o t h   a b n o r m a l   a n d   n o r m a l   f l i g h t  
c o n d i t i o n s ,   a n d  t o  r e c o g n i z e   s i g n i f i c a n t   t r e n d s   i n   b a t t e r y   o p e r a t -  
i n g   c h a r a c t e r i s t i c s   d u r i n g   e a c h   s i m u l a t i o n .  

The t e s t  program was a n   a t t e m p t   t o   b u i l d   o n  our o p e r a t i o n a l  
e x p e r i e n c e   o n   t h e  OAO m i s s i o n s  e a r l i e r  i n   t h e   1 9 7 0 s ,   a n d   a l s o  
s u p p o r t e d   t h e   d e s i g n   c o n c e p t   a n d   s t u d i e s   f o r   t h e   m u l t i m i s s i o n  
m o d u l a r   s p a c e c r a f t  (MMS). Its o b j e c t i v e s  were t h e   e v a l u a t i o n   o f  
c h a r g e r   v o l t a g e   l e v e l s   w i t h  respect  t o  temperature,  t e m p e r a t u r e  
imba lance   be tween   ba t t e r i e s ,   impedance   mi sma tch   o f   power   cab le s ,  a 
s h o r t e d  c e l l  is  o n e   b a t t e r y   a n d   t r a n s i e n t   e f f e c t s  when e n a b l i n g  
b a t t e r y   t o   c h a r g e r   b u s .  

S e v e r a l   s i m u l a t i o n s  were o f   i n t e r e s t   t o  u s  and  have  been 
r e p o r t e d   i n   p a s t   w o r k s h o p s ;   t h e y  w i l l  b e   t h e   s u b j e c t   o f  a f o r t h -  
coming NASA t e c h n i c a l   m a n u a l .  

I s h o u l d  l i k e  t o  t a l k  a b o u t   t h e   r e s u l t s   o f   t h e   b a t t e r y   a c c e p -  
t a n c e  tests t h a t  were r e p e a t e d  a t  t h e   e n d   o f   l i f e  f o r  b o t h   b a t -  
t e r i e s ,  a n d   a t t e m p t   t o   c h a r a c t e r i z e   b a t t e r y   d e g r a d a t i o n   t h a t  
o c c u r r e d   d u r i n g   t h e  t e s t  p rogram.   The   s imula t ions  were per formed 
on  two 12A h b a t t e r i e s   a n d   t h e   a c c e p t a n c e  t e s t  p rogram  inc luded  
t h r e e   c a p a c i t y   m e a s u r e m e n t s  a t  0 ,   1 0  and 20 C .  A d d i t i o n a l l y ,  
t h e r e  was i n t e r e s t   i n   s t u d y i n g   t h e   e f f e c t   o f   a n   i n d i v i d u a l  c e l l  
case t o   b a t t e r y   n e g a t i v e   s h o r t   o n   b o t h  c e l l  a n d   b a t t e r y   p e r f o r -  
mance  on s i n g l e   b a t t e r y   b o t h   i n   c o n t i n u o u s   o v e r c h a r g e   a n d   i n  a 
n e a r   - E a r t h   o r b i t   c y c l i n g  mode. 

( F i g u r e   3 1 - 1 )  

I s h a l l  now s a y  a l i t t l e  a b o u t   t h e   b a t t e r i e s .  The b a t t e r i e s  
were l i f e   c y c l e d  f o r  a p p r o x i m a t e l y   2 . 5   y e a r s  a t  25%  nominal   depth  
o f   d i s c h a r g e  a t  10 C .  The c e l l  i s  a t y p i c a l  GE d e s i g n .   T h e r e   a r e  
two ceramic f e e d t h r o u g h s ,  a p e l l o n   s e p a r a t o r ,  a p o l y p r o p y l e n e  c e l l  
s tack l i n e r ,   g e n e r a l l y   l i g h t e r   l o a d i n g   t h a n   t h e  NASA s t a n d a r d .  

O f  p a r t i c u l a r  i n t e r e s t   i n   c o m p a r i n g   t h e   a c c e p t a n c e  t e s t  d a t a  
was t o   l o o k  a t  t h e   c h a n g e   i n   v o l t a g e   p r o f i l e s   b o t h   o n   c h a r g e   a n d  
d i s c h a r g e ,   t h e  pressure  i n c r e a s e   o r   d e c r e a s e   i n  c e l l s ,  a n d   t h e  
r e s p o n s e  of t h e   t h i r d   e l e c r o d e  c e l l .  There  were s e v e r a l   t h i n g s   o f  
i n t e r e s t :   t h e   s o f t e n i n g   o f   t h e   v o l t a g e   p r o f i l e   o n   c h a r g e ;   t h e  
g e n e r a l l y   m o r e   g r a d u a l   d i s c h a r g e  p l a t e a u ;  a n   a p p r o x i m a t e l y   7 %   l o s s  
i n   b a t t e r y   c a p a c i t y   t o   t h e   f i n a l   e n d   p o i n t ;   a n d  a l o s s  of 1 A  h 
( t h e   i n i t i a l   c a p a c i t y   b e i n g   a p p r o x i m a t e l y   1 5   a n d   t h e   f i n a l  
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capaci ty  1 4 A  h ) .  The cel l   pressures   have  doubled,  and while  the 
output of t h e   t h i r d   e l e c t r o d e  is  near ly   ident ica l ,   the   shape   or  
response   o f   the   th i rd   e lec t rode   ce l l  i s  d i f f e r e n t .  

I am present ing   da ta  on one ba t t e ry   he re ,  a b a t t e r y   a t  20 C 
and C/10 .  I sha l l   s imp ly   s t a t e   t ha t   t he   r e sponse  of the  second 
b a t t e r y   a t   t h e  same temperature was nea r ly   i den t i ca l .  A t  t he  
other two temperatures,  0 and 1 0  C ,  t he re  was v e r y   l i t t l e  d i f -  
ference i n  e i t h e r  t h e  shape  of   the  vol tage  plateau,   or   the   third 
electrode  response.  There  was,  however, a s l i gh t   dec rease  i n  the 
capaci ty .   Here,   a t  20 C ,  i t  was approximately 7%, and a t  0 and 
1 0  C ,  it was approximately 1 0 %  of t h e   i n i t i a l   v a l u e .  

(Figure 31-2) 

The nex t   s e r i e s  of t e s t s  was a simulation  of a c e l l   c a s e   t o  
bat tery  negat ive  short .   Figure 31-2 is a simplified  schematic 
diagram of the  tes t   assembly,  showing the  22 s e r i e s  connected 
c e l l s ,   t h e  power supply  feeding  constant   current   e i ther  i n  contin- 
uous orbi t   charge  or  i n  the  near-Earth  orbi t   cycl ing mode, a 
r e s i s t i v e  s h u n t  hardwired  to  the  negative end of   the   ba t te ry ,  and 
connected a t   t h e   o t h e r  end t o  a movable probe so t h a t  we can go  up 
and down i n  t h e   c e l l   s t a c k  and record  both t h e  i n i t i a l   c u r r e n t  and 
a l so   the   t aper   cur ren t .  

(Figure 31-3) 

The t e s t   da t a   p re sen ted  i n  Figure 31-3 a r e  on Bat tery B a t  
ambient  temperature a t  C/20  continuous  overcharge. The b a t t e r y  
had been i n  t h i s  condi t ion  for   several   days  before   the  s tar t  of 
the  evaluat ion.  The i n i t i a l  and f ina l   cur ren ts   th rough  the  s h u n t  
were f i r s t  measured on a l l   t he   non- th i rd   e l ec t rode   ce l l s :   and ,  
except  for two c e l l s ,   t h e   i n i t i a l  and the   f ina l   cur ren ts   appeared  
t o  be well  grouped. You w i l l  n o t i c e   t h a t   t h e   f i n a l   c u r r e n t s ,  
marked X are  approximately  one-twentieth  or  one-thirt ieth  of  the 
i n i t i a l   c u r r e n t s .  

The probe was then moved t o   t h e   t h i r d   e l e c t r o d e   c e l l s ,   s p e c i f -  
i ca l ly   four  on the  most pos i t i ve  end of   the  bat tery.  During the 
s imula t ion   t he   i n i t i a l   cu r ren t s  were q u i t e  h i g h  (about 1 5  - 2 0 A ) ,  
b u t  were soon to   t ape r  w i t h i n  two or  three  minutes  to  approxi- 
mately 1 or 2A. On one p a r t i c u l a r   c e l l  , no. 2 the   shor t  was f ixed 
t o   t h e   c e l l   f o r  a longer  period  (approximately  nine  minutes). 
T h i s  r e su l t ed  i n  a c e l l   s h o r t  between the   pos i t i ve  and negative 
terminals .  I n  order   to   cont inue w i t h  the  program, a short ing  wire  
was p laced   across   the   t e rmina ls   o f   tha t   ce l l .  

(Figure 31-4)  

The n e x t   t e s t  was ident ica l   to   the   p rev ious   s imula t ion ,   except  
t ha t   t he   sho r t  would remain on a cell   for  approximately  four 
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days.   The c e l l  i n   q u e s t i o n  was c e l l  no.  12,   which i s  a p p r o x i -  
m a t e l y   i n   t h e   c e n t e r   o f   t h e  s t ack .  Tha t  c e l l  had a p r e s s u r e   t r a n s -  
d u c e r   a f f i x e d   t o  it. The s h o r t  was a p p l i e d  a t  18   hour s ,   and  a t  
l ea s t  i n i t i a l l y   t h e  pressure i n   t h e  c e l l  d i d   n o t  r i s e  (see F i g u r e  
31-4) .   However ,   there  was a n  i n c r e a s e   i n   t h e  c e l l  pressure,  which 
a p p e a r e d   t o  taper o f f  a t  a p p r o x i m a t e l y   6 5  p s i ,  i n c r e a s i n g   f r o m   t h e  
i n i t i a l   v a l u e   o f   4 5  p s i .  

The pressure on c e l l  22 ,   ano the r  c e l l  i n   t h e   s t r i n g ,  is a l s o  
p r e s e n t e d   t o   g i v e   a n   i d e a  o f  t h e   p r e s s u r e   i n  some o f   t h e   o t h e r  
t y p i c a l  c e l l s  i n   t h e   s t r i n g .  The v o l t a g e   o n  c e l l  no. 1 2  d i d   n o t  
i n c r e a s e  or d e c r e a s e   a p p r e c i a b l y   d u r i n g   t h e   p e r i o d .  

(F igu re   31 -5 )  

I n   t h e  l a s t  case o f   t h e   s i m u l a t i o n ,   t h e   b a t t e r y  was p l aced   on  
a l o w - E a r t h   o r b i t   c y c l i n g   r e g i m e  a t  a m b i e n t   t e m p e r a t u r e  a t  a 
n o m i n a l   d e p t h   o f   d i s c h a r g e  a t  1 0 3 % .   T h e   b a t t e r y   h a d   b e e n   c y c l i n g  
f o r   a p p r o x i m a t e l y  a w e e k  b e f o r e  i t s  e v a l u a t i o n ,   t o   a l l o w   t h e  
b a t t e r y   t o   s t a b i l i z e .   A g a i n ,   d a t a  a r e  p r e s e n t e d   f o r  c e l l  no .   12  
w i t h   t h e  pressure t r a n s d u c e r  ( see  F igure   31 -5 ) .   The   sho r t  was 
a p p l i e d  a t  o r b i t  1 4 ,  and a t  l e a s t  i n i t i a l l y   t h e r e  is no i n c r e a s e  
i n   t h e   p r e s s u r e .   T h e n ,   f o r  a p e r i o d  of  a p p r o x i m a t e l y  s i x  o r  seven  
o r b i t s ,   t h e   p r e s s u r e   i n   t h e  c e l l  d i d ,   i n  f a c t ,  v a r y ,   b u t   e v e n t u -  
a l l y   s t a b i l i z e d   t o  some s t a b l e   o p e r a t i n g   p o i n t .  

The d a t a   o n  c e l l  no .   22 ,   another  c e l l  i n   t h e   b a t t e r y ,  a r e  
shown h e r e .   D u r i n g   t h a t   p e r i o d   o f   f i v e  or  s i x  o r b i t s ,  i t s  pres- 
sure  d i d ,   i n   f a c t ,   c h a n g e .  You w i l l  n o t i c e   t h a t   t h e  C/D r a t i o  
d u r i n g   t h e   s t a b i l i z e d   p e r i o d   r e m a i n e d   c o n s t a n t .  

I n  summary t h e n ,   r e p e a t i n g   a n d   c o m p a r i n g   t h e   b a t t e r y  accep- 
t a n c e  t e s t  d a t a   r e v e a l e d  a s o f t e n i n g   o f   t h e   v o l t a g e   p r o f i l e ,  a 
lower ing  of t h e   d i s c h a r g e   p r o f i l e   a n d  a l o s s  of a p p r o x i m a t e l y  1 0 %  
o f   b a t t e r y   c a p a c i t y   o v e r  a 0 - 20 C .  For t h e   c a s e - t o - b a t t e r y  
n e g a t i v e   s h o r t ,   t h e   s h o r t - c i r c u i t   c u r r e n t   a p p e a r s   t o   b e   i n d e p e n -  
d e n t   o f  c e l l  p o s i t i o n   i n   t h e   c a s e  of t h e   c o n t i n u o u s   o v e r c h a r g e  
s i m u l a t i o n .   R e p e a t i n g   t h e  same t e s t  w i t h   t h e   s i g n a l   e l e c t r o d e  
r e s u l t e d   i n  c e l l  f a i l u r e ,   w h i c h  may be  a f u n c t i o n   o f   b o t h  
c e l l  p o s i t i o n   i n   t h e   s t r i n g   a n d   t h e   r e s i s t a n c e   p a t h .  

DISCUSSION 

SCOTT: I n   t h o s e  c e l l s  t h a t   h a d   a u x i l i a r y   e l e c t r o d e s ,  were t h e  
a u x i l i a r y   e l e c t r o d e s   c o n n e c t e d   t o   t h e   c a s e ?  

TASEUOLI : Yes. 

SCOTT: Then when y o u   c o n n e c t e d   t h e  cases o f   t h o s e  c e l l s  t o  
g r o u n d   t o   t h e   s h u n t ,  I b e l i e v e   t h a t   e s s e n t i a l l y  a l l  t h e   c u r r e n t  
t h a t  you  measured was p r o b a b l y   f l o w i n g   t h r o u g h   t h e   a u x i l i a r y  
e l e c t r o d e ?  
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TASEVOLI: T h a t  i s  cor rec t .  

SCOTT: D i d   y o u   o b s e r v e   i n   g e n e r a l   t h a t   t h e   b e h a v i o r   o f   t h o s e  
a u x i l i a r ' y   e l e c t r o d e s  was e s s e n t i a l l y   t h e  same a f t e r   t h a t   t r e a t m e n t  
as b e f o r e ?  

TASLVOLI:  Yes. For t h e   t h r e e   s i g n a l   e l e c t r o d e s   t h a t  were 
p r o b e d ,   t h e   p r o b e  was o n l y   p l a c e d   o n   f o r   t h r e e   o r   f o u r   m i n u t e s .  
On t h e   o n e  c e l l  t h a t  I d i d   s i n g l e   o u t ,   t h e   s h o r t  was p l a c e d   o n   f o r  
a n   e x t e n d e d   p e r i o d ,   a p p r o x i m a t e l y   n i n e   o r   t e n   m i n u t e s ,  a t  which 
time t h e r e  was a c o n s i d e r a b l e   d r o p   i n   t h e  c e l l  v o l t a g e .   I n   f a c t ,  
t h e   v o l t a g e   d e c a y e d   t o  less t h a n  1 V  w i t h i n  a few  hours .  

SCOTT: Did t h e   p e r f o r m a n c e   o f   t h a t  t e s t ,  e x c e p t   p o s s i b l y   i n  
t h a t   o n e  c e l l ,  a l t e r  t h e   b e h a v i o r   o f   t h e   a u x i l i a r y   e l e c t r o d e s   i n  
any way t h a t  you   could  see? 

TASEVOLI: No, i t  d i d   n o t .  The c e l l  v o l t a g e s ,   b o t h   o n   t h e  
n o n - s i g n a l   e l e c t r o d e s   a n d   t h e   s i g n a l   e l e c t r o d e  c e l l s ,  d i d ,   i n  
f a c t ,   r e c o v e r   o n c e   t h e   s h o r t  was removed. 

RITTERMAN: When y o u   s h o r t e d   y o u r   n e g a t i v e   t o   t h e   c a s e ,   d i d  
y o u   a c t u a l l y   g e t   a n   i n c r e a s e   i n   c u r r e n t   i n   t h e   c e l l ?  On your  
pressure c u r v e s ,   t h e   s u g g e s t i o n  i s  t h a t   t h e r e  is a n   i n c r e a s e   i n  
o x y g e n   e v o l u t i o n .  From y o u r   v o l t a g e ,  i t  h a s   t o   b e   o x y g e n   b e c a u s e  
t h e   v o l t a g e  is  abou t   1 .45 .  

TASEVOLI: F o r   t h e   n o n - s i g n a l   e l e c t r o d e  c e l l ,  t h e   p o t e n t i a l  a t  
t h i s   p o i n t   h e r e  i s  p o s i t i v e   w i t h  respect  t o   t h i s   p o t e n t i a l .   I f  
t h a t  i s  t h e  case, a n d   b a s e d   o n   t h e   e l e c t r o c h e m i c a l   r e a c t i o n   o n  
c o n t i n u o u s   o v e r c h a r g e ,   t h e   i n c r e a s e   i n  c e l l  pressure i s  d u e  t o  
hydrogen.  

RITTERMAN: I t  can   no t   be   hydrogen  a t  t h e   v o l t a g e s  you  have. 
The c e l l  v o l t a g e  i s  1 .45 ,   even  when y o u   a p p l y   t h e   s h o r t .  The 
h y d r o g e n   h a s   t o   b e   m a n u f a c t u r e d   w i t h i n   t h e  c e l l .  

TASEVOLI:  Tha t  is  r i g h t ,  it i s  be ing   manufac tu red   on   t he  
i n s i d e   o f   t h e  case o f  t h e  c e l l .  

RITTERMAN: D id   you   check   t ha t ?  

TASEVOLI: I d i d   n o t  measure t h e  c e l l  species  d u r i n g   t h e  
e x t e n d e d   p e r i o d   o f   o v e r c h a r g e .   H o w e v e r ,   a g a i n   b a s e d   o n   t h e   f l o w  
o f   c u r r e n t   t o   t h e   s h u n t   a n d   t h e   c h e m i c a l   r e a c t i o n   w i t h i n  a l l  t h e  
c e l l s  d u r i n g   c o n t i n u o u s   o v e r c h a r g e ,   t h e   g a s  was hydrogen.  

RITTEFWAN: I f   t h a t  i s  s o ,  why,  when y o u   c o n t i n u e   t o   o v e r -  
c h a r g e ,   d o   y o u   g e t  p ressure  e q u i l i b r i u m ?   T h e  pressures  j u s t  
c o n t i n u e   t o  r i s e .  
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TASEVOLI: T h a t  i s  what I d o   n o t   u n d e r s t a n d .   A g a i n ,   t h e  t e s t  
was o n l y   p e r f o r m e d   f o r   f o u r   o r   f i v e   d a y s .   R e a l l y ,   w h a t   y o u  a re  
l o o k i n g  a t  is t h e   s h o r t - t e r m   e f f e c t  of t h e   s h o r t .  

DOTY: How many c y c l e s   h a d   t h a t   b a t t e r y   b e e n   s u b j e c t e d   t o   b y  
t h e  time y o u   r a n   t h e   s h o r t - c i r c u i t   t e s t ?  Did  you attempt t o  
r e c o n d i t i o n   t h e   b a t t e r y   b e f o r e   t h e   s h o r t - c i r c u i t  t e s t  o r   d i d   y o u  
j u s t   c o n t i n u e   r i g h t   f r o m   t h e   n o r m a l   1 0 0   m i n u t e   o r b i t a l   r e g i m e s  
when y o u   r a n   t h i s  t e s t ?  

TASEVOLI: The t e s t  sequence  was as f o l l o w s :   a f t e r   t h e   l i f e -  
c y c l i n g  t e s t  t h e  ba t t e r i e s  were l e t  down th rough  1 ohm r e s i s t o r s   f o r  
approx ima te ly   one  w e e k ,  a t  which time w e  w e n t   i n t o   t h e   a c c e p t a n c e  
t e s t .  A f t e r   t h a t  t e s t ,  we w e n t   s t r a i g h t   i n t o   t h e   c a s e - t o - b a t t e r y -  
n e g a t i v e   s h o r t   s i m u l a t i o n s .  

DOTY: I t  m i g h t   h e l p   t o   g i v e  a b r i e f  idea as t o  how many 
c y c l e s   t h a t   b a t t e r y   h a d   b e e n   s u b j e c t e d   t o   b e f o r e   r u n n i n g   t h e s e  
tests o v e r   t h a t   f o u r - y e a r   p e r i o d .  

TASEVOLI:  B o t h   b a t t e r i e s  were c h a r g e d   a n d   d i s c h a r g e d   f o r  a 
p e r i o d  of a b o u t  2 . 5  y e a r s  a t  1 0  C a t  25% d e p t h  of d i s c h a r g e .  
D u r i n g   t h a t   p e r i o d ,   t h e   b a t t e r i e s   s h a r e d   t h e   l o a d  q u i t e  e q u a l l y  
e v e n   a f t e r   t h e   s i m u l a t i o n s  t h a t  were   per formed.  
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PREDELIVERY CELL AND BATTERY  SUMMARY  FOR  SMM 20 A H BATTERIES 
D. Webb 

McDonnel l   Douglas  

A s  Mr. Halpert m e n t i o n e d  e a r l i e r ,  t h e  SMM b a t t e r i e s  are  s t a n -  
d a r d  NASA n i c k e l   c a d m i u m  20A h b a t t e r i e s .   T h i s  i s  t h e  f i r s t  
a p p l i c a t i o n   o f   t h e   s t a n d a r d   b a t t e r y ;   t h e   d a t a  I s h a l l   p r e s e n t  a r e  
f r o m   s o m e   o f   t h e  c e l l  t e s t i n g ,   t h e   b a t t e r y   t e s t i n g   a n d   t h e  process 
o f   b u i l d i n g   t h o s e   b a t t e r i e s .   W i t h   t h e   l i f e - t e s t   d a t a   t h a t  Mr. 
Halpert  p r e s e n t e d   o n   t h e  c e l l s ,  a n d   t h e   p r e s e n t a t i o n  t o  fo l low,  
t h i s   s h o u l d   g i v e   y o u  a complete p i c t u r e   o f   t h e  NASA s t a n d a r d .  

( F i g u r e   3 2 - 1 )  

F igu re   32 -1   shows  a s c h e m a t i c   o f   t h e  MMS power   sys tem  module .  
You w i l l  see t h a t   t h e  b a t t e r i e s  a r e  r e q u i r e d   t o   c h a r g e   a n d   d i s -  
c h a r g e   i n  p a r a l l e l .  T h e r e  i s  a s i n g l e   r e g u l a t o r   u n i t ,   a n o t h e r  
NASA s t a n d a r d   c o m p o n e n t   t h a t  is  p a r t   o f   t h e   s y s t e m .   T h a t   r e g u l a -  
t o r   h a s   t w o   m o d e s   o f   o p e r a t i o n   o n  SMM; t h e   f i r s t  mode is a peak 
power t r a c k i n g  mode w h e r e   t h e   r e g u l a t o r   u t i l i z e s  a l l  a r r a y   a v a i l -  
a b l e  power f o r   s u p p l y i n g   t h e   l o a d   d e m a n d ,   a n d   t h e n   w h a t e v e r  res i -  
d u e  i s  a v a i l a b l e  w i l l  c h a r g e   t h e   b a t t e r i e s   w i t h   t h a t   a v a i l a b l e  
p o w e r .   O n c e   t h e   b a t t e r i e s   h a v e   r e a c h e d  a s e l e c t e d   v o l t a g e  limit, 
t h a t  v o l t a g e  limit w i l l  t h e n  become t h e   c o n t r o l l i n g   f a c t o r   a n d   t h e  
c u r r e n t  w i l l  taper  f o r   t h e   r e s t   o f   t h e   c h a r g e   p e r i o d .  

The b a t t e r i e s   o n   t h e   s p a c e c r a f t  a r e  s e r i a l  numbers  3, 4 and 5 ,  
a n d   t h e y  a r e  i n   p o s i t i o n s  1, 2 and  3 o n   t h e   s p a c e c r a f t .   T h a t  w i l l  
g i v e   y o u  a p o i n t   o f   r e f e r e n c e  when Mr. B r o d e r i c k  t a l k s  a b o u t   t h e  
p e r f o r m a n c e   o n   t h e  SMM. 

( F i g u r e   3 2 - 2 )  

I am s u r e   y o u  a r e  a l l  f a m i l i a r   w i t h   t h e   c u r v e s   s h o w n   i n   F i g u r e  
3 2 - 2 .   T h e s e   a r e   t h e   e i g h t   s e l e c t a b l e   v o l t a g e  limit c u r v e s .   T h e  
v o l t a g e   v a r i e s   w i t h   t h e   t e m p e r a t u r e   d e t e c t e d   b y   t h e   r e g u l a t o r ,   a n d  
t h e y  a r e  s e l e c t a b l e   b y   g r o u n d  command. I n   o u r   t e s t i n g ,   w h e r e  w e  
d o   s i m u l a t e d   o r b i t   t e s t i n g   i n   v a c u u m   c o n d i t i o n s ,  w e  h a v e   b e e n  
u s i n g   l e v e l  6. 

( F i g u r e   3 2 - 3 )  

F i g u r e   3 2 - 3   g i v e s   s o m e   i d e a   o f   t h e   d e t a i l   o f   b a t t e r y   d e s i g n .  
The c e l l s  a re  s t a n d a r d  c e l l s ,  and  a re  f a b r i c a t e d   i n   a c c o r d a n c e  
w i t h  a NASA a p p r o v e d  MCD a t  GE. The b a t t e r y   d i m e n s i o n s  are:  
h e i g h t ,   9 . 8 3   i n   m a x ;   l e n g t h ,   1 3 . 7 3 i n   m a x i   w i d t h ,   7 . 8 3 i n   m a x ;   a n d  
t h e   b a t t e r y   w e i g h t  is 52 .2   pounds .  We h a v e  a l i g h t w e i g h t   c o n -  
s t r u c t i o n ,  a t e n s i o n   r o d   e n d  p l a t e  c o n s t r u c t i o n .   T h e  c e l l s  a r e  
i n d i v i d u a l l y   b o n d e d ,   a n d   t h e n   t h e y   a r e   b o n d e d   i n t o   f o u r  packs OK 
two packs,  a n d   t h e  t o t a l  b a t t e r y  i s  bonded a t  one  time. T h e r e  are  
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t e n   t h e r m a l   f i n s .   T h e y  a re  be tween  each  s e t  o f  c e l l s  and   p rov ide  
a h e a t   p a t h   f r o m   t h e  ce l l s  t o   t h e   b a s e p l a t e ,   w h i c h  i s  t h e   n o r m a l  
p l a n e   o f   h e a t   r e j e c t i o n   o n   t h e   b a t t e r y .   I n   t h e  SMM it is a pas- 
s i v e   s y s t e m   w i t h   l o u v e r   t h e r m a l   c o n t r o l .  

The c e l l  ma tch ing  i s  i n   a c c o r d a n c e   w i t h   R e v i s i o n  B of t h e  
b a t t e r y   s p e c i f i c a t i o n   i s s u e d  by Goddard. We m a t c h   w i t h i n   2 3 %   o f  
t h e   a v e r a g e   c a p a c i t y  a t  two temperatures, 0 and 24 C ,  and we a l s o  
m a t c h   w i t h i n  +8mV o n   e n d   o f   c h a r g e   v o l t a g e  a t  t h o s e  same cond i -  
t i o n s .  

The o b j e c t i v e   o f   t h e  NASA s t a n d a r d  c e l l  program is t o   b u i l d   i n  
e n o u g h   c o n t r o l   a n d   q u a l i t y   t h a t   t h e   v e n d o r ' s   d a t a   c a n   b e   u s e d   f o r  
c e l l  ma tch ing .  The d a t a   t h a t  w i l l  f o l l o w   s h o u l d  show t h a t   t h i s  i s  
f e a s i b l e .  

A s  I s a i d ,  t h e  c e l l s  a r e  GE c e l l s ,  a n d   t h e y  were p r o c u r e d  by 
McDonnell t o   t h e  MCD t h a t   h a d   b e e n   a p p r o v e d  by   Goddard .   The   p la te  
l o a d i n g  is t h 5   l i g h t e r   p l a t e   l o a d i n g  as Mr. Ha p e r t  ment ioned  
(11 .6+0 .6g /dm  fo r   t he   pos i t i ve ,   14 .92+0 .6g /dmi   fo r   t he  
n e g a t z v e ) .   T h e y  a r e  c h e m i c a l l y   i m p r e g n a t e d  p l a t e s .  The 
n e g a t i v e - t o - p o s i t i v e   r a t i o  i s  i n   t h e   r a n g e   1 . 6 5  - 1 . 7 5  and t h e  
t o t a l  p l a t e  a reas  a re  10 .44dm2  (pos i t i ve )   and   11 .39  dm 2 
( n e g a t i v e ) .  The r e q u i r e d   c a p a c i t y  i s  24+2A h a t  24 C ,  a n d   t h e  
a v e r a g e  c e l l  w e i g h t  i s  891.4g.  There a r e  a d d i t i o n a l  p l a t e  t r e a t -  
m e n t s .   T h e   n e g a t i v e s   a r e   T e f l o n a t e d ,   a n d   t h e r e  is c o b a l t   h y d r o x -  
i d e   a n d  some  cadmium i n   t h e   p o s i t i v e .  

(Table   32-1  ) 

The da t a  shown i n   T a b l e   3 2 - 1  a r e  t a k e n   f r o m   t h e   c a p a c i t y  
c y c l e s   p e r f o r m e d   b y   t h e   v e n d o r ,  GE. I f   y o u  are  f a m i l i a r   w i t h  
t h e i r   p r o c e d u r e ,   t h e y   g r o u p   t h e i r  c e l l s  u p  t o  25 c e l l s  i n  a s e r i e s  
s t r i n g  . 

There  was n o   a c t i v e   c o o l a n t   i n   t h e  room temperature c o n d i t i o n s  
o t h e r   t h a n   c o n v e c t i o n   o n   t h e s e  tests. You can  see t h e  r e s u l t s  i n  
Table  32-1. I h a v e   g i v e n  maxima a n d   m i n i a   f o r   t h e   v a r i o u s  
g roups .  It  is  spl i t  u p  a l i t t l e  d i f f e r e n t l y   i n   t h e   3 5  C and 0 C 
t e s t  because of a Tinney  chamber ,   which i s  c a p a b l e   o f   h a n d l i n g  
more t h a n   c a n  be worked   in   one  s e r i e s  s t r i n g .  They  had  two s e r i e s  
s t r i n g s   i n  a t  one  time. Groups 2 and 3 r a n  a t  one time, 4 and 5 
a t  a n o t h e r .  

(Tab le  32-2) 

T a b l e  3 2 - 2   s h o w s   c a p a c i t y   c y c l i n g   t h a t  w e  per formed a t  
McDonnell a f t e r   t h e   b a t t e r y  was f a b r i c a t e d .  The a c c e p t a n c e  t e s t  
is a b o u t  a s ix-week t e s t ,  a n d   t h e r e  is  c o n s i d e r a b l e   c h a r g i n g   a n d  
d i s c h a r g i n g   g o i n g   o n   o t h e r   t h a n   w h a t  i s  shown   he re .   The re fo re ,  
b e t w e e n   t h e   f i r s t   a n d   t h e   s e c o n d  24 C c a p a c i t y  t e s t ,  t h e r e  a r e  
a p p r o x i m a t e l y   f o u r  weeks o f   t e s t i n g .  
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The c e l l  v e n d o r   d a t a  is t h e   r e s u l t s ,   t h a t   t h e   m a t c h i n g   s h o u l d  
i n d i c a t e   w h a t  w e  s h o u l d   e x p e c t   i n   b o t h   t h e  24 C a n d   t h e  0 C 
cases. You c a n  see t h a t   t h e   r e s u l t s   m a t c h   r a t h e r  well .  T h e r e  is 
n o   1 0  C t e s t  p e r f o r m e d  at t h e   v e n d o r .   T h e   t h i r d  e lec t rode  o n   t h e  
b a t t e r i e s  is l o a d e d   w i t h  200 ohms a t  t h e   v e n d o r  when h e   d o e s   h i s  
t e s t i n g ,   a n d   t h a t  200 ohm r e s i s t o r  h a s   b e e n   i n c o r p o r a t e d   i n t o   t h e  
b a t t e r y   d e s i g n .  

( T a b l e  32-3) 

I m e n t i o n e d   t h e   s i m u l a t e d  o r b i t  t e s t i n g   t h a t  we d o .   T h i s  i s  
d o n e   i n   v a c u u m r   a n d   o u r   c o n t r o l  of t h e   b a t t e r y   t e m p e r a t u r e  i s  by 
means of a n   a c t i v e   c o l d  p l a t e .  I n   t h i s   p a r t i c u l a r  case t h e   c o l d  
p l a t e  t e m p e r a t u r e  i s  m a i n t a i n e d ,   w h i l e   o n   t h e   o t h e r  tests w e  
attempted t o   h o l d  a t o p - o f - c e l l   t e m p e r a t u r e .  Here w e  h o l d   t h e  
baseplate a t  t h e  t e s t  t e m p e r a t u r e   a n d   c o n d u c t   c o n s e c u t i v e  90 
m i n u t e  s imulated o r b i t s  g o i n g  t o  a 25% d e p t h   a n d  a 10A c o n s t a n t  
c u r r e n t   c h a r g e   u n t i l  w e  h i t   v o l t a g e  limit. T h i s  i s  n o t   e x a c t l y  a s  
i n   f l i g h t ,   b u t  it i s  t h e   a r r a n g e m e n t   i n   t h i s   p a r t i c u l a r  t e s t .  

I h a v e   s h o w n   h e r e   t h e   v o l t a g e   b e t w e e n   t h e  c e l l s  a t  t h e   e n d   o f  
d i s c h a r g e   a n d  a t  t h e   e n d   o f   c h a r g e ;   a l s o ,   t h e  C/D r a t i o s ,  t h e  
a m p - h o u r s - i n ,   a m p - h o u r s - o u t   r a t i o  a r e  a v e r a g e d   o v e r   t h e  l a s t  t h r e e  
c y c l e s   o f   e a c h   c o n d i t i o n .   T h e s e  a r e  t h e   t h r e e   b a t t e r i e s   t h a t  a r e  
c u r r e n t l y   f l y i n g   i n  SMM. The C/D r a t i o s  a r e  s l i g h t l y   b e l o w   t h e  
g o a l   l e v e l s   s p e c i f i e d   i n   t h e   S 7 1 1   1 6 .   T h i s   h a s   b e e n   c o n s i s t e n t ,  
n o t   o n l y   h e r e ,   b u t   i n   t h e  50A h b a t t e r i e s .  

Based on  what  w e  see ,  w e  f e e l   t h a t   t h e   m a t e r i a l   a n d   p r o c e s s  
c o n t r o l s   t h a t   h a v e   b e e n   i m p o s e d  a r e  e f f e c t i v e   a n d   t h a t   t h e  d a t a  
base is s u i t a b l e   f o r   s e l e c t i o n .  The b a t t e r y   a c c e p t a n c e   p e r f o r -  
mance s u b s t a n t i a t e s   t h a t   t h e   p r e d i c t i o n s  based o n   t h e  c e l l  match  
a re  l e g i t i m a t e .  The p r o o f   o f   t h e   p u d d i n g  is i n   t h e   e a t i n g .  Mr. 
B r o d e r i c k  w i l l  t a l k  a b o u t   f l i g h t   p e r f o r m a n c e .   H o w e v e r ,   f r o m   w h a t  
I h e a r ,  I t h i n k   t h a t   y o u  w i l l  see t h e   c o m p a t i b i l i t y   o f  t h e  c e l l s  
c o n t i n u e s   i n   t h e   m i s s i o n .  

I .. 
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CAPACITY  CYCLE  PERFOhVAACE 
SHM FLIGKT  EATTERY  CELLS 

24-C C E L L S  

T E S T  GRP I 
2 

4 

35-c   CCLLS 

,Ell GRP I 
2 
1 
1 
5 

~- O ' C  C E L L S  

1 L S l  GRP I 
7 

1 
4 

1 0  P S l G  
1 0   P 5 l G  

4 P S l G  
1 2   P 5 l G  

- I 7  P 5 l G  
- 7 P S I G  

- 5 P S l G  
. IO P S l G  

0 P S l G  

7 6  P S l G  
2 1  P S l G  
2 8  P S I 6  
2 7  P S l G  
1 0  P S l G  

IO P S l G  

1 6  P S l G  
8 P S l G  

9 P S l G  

n A L  

10 P S l G  
28 P S l G  
2 6  P S l G  
I 9  P S l G  

0 P 5 l G  
4 P S l G  
I P S l G  
2 P S I G  
1 Q S l G  

6 9  P S I &  
I8 P S l G  
55 P S l G  

6 6  P S l G  
58 P S l G  

28 P S l G  
1 0  P S l G  

4 1  P S l G  
34 P S l G  

L l I L  

1 . 4 1 2  " 
1 . 4 2 6  v 
1 . 4 8 1  s 
1 . 4 4 8  s 

1 . 1 9 3  I 
1 . 3 9 1  I 

1 . 1 8 1  I 
1 , 1 9 1  " 
1 . 1 9 5  v 

1 . 4 8 6  I 

1 . 4 8 1  I 
1 . 4 8 2  I 

1 . 4 8 6  I 
1 . 4 8 3  v 

1 . 4 2 8  I 
1 . 4 1 1  I 
1 . 4 4 1  I 
I . 4 1 2  I 

1 . 1 1 4  I 
1 . 4 1 6  Y 

1 . 4 5 2  I 
1 . 4 5 0  1 

1 . 4 0 4  I 

1 . 4 0 5  s 
1 , 1 9 7  I 

1 . 3 9 9  s 
1 . 4 0 0  s 

1 . 4 9 1  I 
1 . 4 8 9  w 
1 . 4 8 9  v 
1 . 4 8 9  v 
1 . 4 8 8  I 

1 . 4 4 1  1 

1 . 4 4 4  w 
1 . 4 5 5  I 
1 . 4 1 9  I 

T a b l e  32-1  

CAPACITY  CYCLE  PERFOWWNCE 
srsl FLIGHT BATTERIES 

8lRl A001 2 P . 5 6  AH 72.68 AH 

A000 24.38 All 2 4 . 2 1  AH 

A008 21.16 AH 71.01 AH 

EOC VOLlAiE 

81117 1 0 0 1  11.59 I 32.71 I 

11034 11.57 v 12.29 v 

A005 11.55 v 32.21 v 

CCC C E L L  A VOLT5 ~- 
8 l P I  A003 I 2  m Y  11 m 

2liO 
24°C TEST 
8 n n r w  

2 4 . 1 9  AH 

21.82 AH 

23.11 AH 

32.29 I 
3 2 . 1 1  v 

12.16 v 

1 1 . 3  rn" 

11.6 mv 

13.8 1111 

394 rn" 

418 ml 

018 rn" 

27.35 AH 

71.69 AH 

71.15 AH 

12.76 v 
32.74 I 

32.73 I 

6 mv 

6 mv 

6 mv 

138 rn" 

114 rn" 

356 mv 

22.10 AH 

21.58 AH 

21.12 AH 

12.98 " 
11.02 I 
11.00 I 

7.6 mv 

1.5 rnv 

6.4 mv 

150 mv 

293 m1 

168 m l  

IO'C 8TR" 
TESl 

7 2 . 6 1  AH 

77 31 4" 

21.96 AH 

O'C 8dlTERl 
1003 
A004 

12.19 I 

17.45 I 

17.43 1 

A005 
1O'C 8ATTLR.i 

A001 

A004 

6.5 n.v 

7.6 mv 

8.4 rn" 

20'C IlATTERl 

A005 

4001 

A001 

116 mv 

I 1 9  rn" 

A008 

I 8 8  mv 

Ll!L 

1119  AH 
1 1 8 6  AH 
1 1 1 5  AH 
1159 A *  

l 2 l l  AH 
1 1 9 9  AH 
1 1 8 0  AH 
1 2 5 5  A l l  
1 3 1 0  AM 

1 2 5 7  A l l  
1101 AM 
1 7 7 0  AH 
I 7 4 0  AM 
1 2 5 4  AM 

l l 5 l  A l l  
1 4 2 6  Al l  

1 4 4 7  AH 
1 4 7 7  AH 

1 1 8 6  1\11 1 4 2 8  A 1  
1 4 2 6 . 5  AM I 4 1 1  A.I 
1 3 9 1 . 5  111 1 4 4 1  AH 
1 1 8 5 . 7  A l l  1408 AH 

1 2 9 8  5 Al l  1 1 6 9  A11 
1 7 4 7 . 7  A M  1 2 8 9  AH 
1 2 6 0 . 9  AH 1 1 4 8  AM 
I 1 2 2  AM 1 1 6 1  UH 
1119.1  AR 1 1 6 8  LLH 

1 1 1 0 . 7  AH I109 AH 
1 1 3 7 . 5  AH 1 1 6 5  AH 
1 1 3 7  A11 1 4 6 7  A l l  
1101.4 1\14 I 4 0 7  AH 
1 1 0 1 . 5  AH 1 1 7 0  AH 

1 4 6 1 . 4  AH I 4 8 1  A l l  
1 4 9 0 . 8  AH 1 5 1 5  AH 
1 1 7 8 . 1  AH 1 5 0 1  AM 
1 4 9 4 . 5  AM 1 5 2 0  AH 

VOLTAGC 
EO0 

~ 

21.78 I 

27.19 v 

21.19 I 

27.28 v 

27.26 s 

27.26 I 

21.24 v 

21.22 s 
21.22 I 

SIMULATED ORBIT P E N O W W K E  
SlWl FLIGHT  BATTERIES 

C E L L A  Y VOLTAGE SIG VOLTAGE 
EO0 LOL LOC 

_ _ ~ ~  

2 rnl 12.59 I 182 mv 

2.1 rn" 12.59 I 1 9 s m r  
7 . 1  mv 32.59 I 218 mv 

1 . 8  mv 12.07 I 124 mv 

1.9 rn" 37.08 I 201 rn" 

2 m* 12.08 " 215 rn" 

2.1 rnv 11.55 I 1 1 4 n r  
I . 7 n r  3 1 . 5 5 ~  1 5 7 n r  
1.9 mv 31.54 v 197 m 

1.015 

1.024 

I ,020 

1.065 
1.036 

I .0 l l  

1.081 

1.075 

1.016 

T a b l e  32-2  
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SOLAR M X I I U I  HISSION (Sm) SPACECRPIFI 
IOOULAR POYER SUBSYSTW 

SHUTTLEIGRO POWER 
SHUTTLEIGRO POYFR 

SOLAR POWER 111 

RElURll  [IUS 

GRO Ct!ARGE POWER 

GRO CHARGE POHER 

GRO CHARGE POUER 

* REDUHOAHCY NOT SHOYH 

F i g u r e  32-1 

SELECTABLE BATIERY CMRGE VOLTAGE LEMLS 
PRWIDE CMTRDL FLEXIBILITY 

F i g u r e  32-2 F i g u r e  32-3 
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SOLAR MAXIMUM MISSION (SMM) IN-FLIGHT PERFORMANCE 
R. Broder  i c k  

Goddard   Space   F l igh t   Cen te r  

I s h o u l d  l i k e  t o   b e g i n   b y   t r y i n g   t o   i n d i c a t e   t h e   i m p o r t a n c e   o f  
t h i s   m i s s i o n ,   r e f e r r e d   t o   i n  ea r l i e r  p r e s e n t a t i o n s   b y  Dr. 
T a s e v o l i ,   i n   d e s i g n   t e s t i n g   t h a t   w e n t   i n t o   t h i s   s y s t e m ,   a n d  by Dr. 
Webb f r o m   M c D o n n e l l   D o u g l a s   i n   b a t t e r y   d e s i g n .   T h i s  i s  t h e   f i r s t  
s t a n d a r d   b a t t e r y   f l o w n ,   a n d  it is t h e   f i r s t   a p p l i c a t i o n   o f   t h e  
modular   power  system.  The  modular   power  system  design w i l l  be 
implemented   on   the   Landsa t  prime s p a c e c r a f t .  It c o u l d   v e r y  well 
become a workhorse   power   sys t em  fo r   t he   1980s .  

I s h a l l   t r y   t o   n o t  repea t  w h a t   h a s   a l r e a d y   b e e n   s a i d   t h i s  
morning. I s h a l l   g o   i n t o  a b r i e f   s y s t e m   d e s c r i p t i o n ,  a summary o f  
t h e   f i r s t   n i n e   m o n t h s ,   t y p i c a l   o r b i t   d a t a ,  some a t y p i c a l   o r b i t  
d a t a   a n d  a compar i son   w i th  some l i f e - t e s t   d a t a .  

We i n t e g r a t e d   t h e   f l i g h t   b a t t e r i e s  l a s t  November,  and s o  t h e y  
a c t u a l l y   h a v e   n e a r   o n e   y e a r   l i f e .   H o w e v e r ,   t h e   m i s s i o n   l a u n c h  was 
n o t   u n t i l   F e b r u a r y .   C u r r e n t l y   u p   a r o u n d  4 1 0 0  o r b i t s ,  a n e a r - E a r t h  
s p a c e c r a f t ,   w i t h  a 96  m i n u t e   o r b i t   p e r i o d ,   f l u c t u a t i n g   b e t w e e n  28 
a n d   3 5   m i n u t e s   e c l i p s e   p e r i o d .  We s t a r t e d   o f f   w i t h  a two-year 
d e s i g n   l i f e  a n d   b e c a u s e   o f   s l i p p a g e s   i n   t h e   s h u t t l e ,  (SMM is  t h e  
f i r s t   r e t r i e v a b l e   s p a c e c r a f t )  i t s  l i f e t i m e  h a s  b e e n   s p r e a d   o u t   t o  
a b o u t   f o u r   y e a r s .  

( F i g u r e   3 3 - 1 )  

Figure  33-1  shows a p i c t u r e  o f  t he   modu la r  power sys t em.  As 
D r .  Webb s a i d , t h e   p o s i t i o n i n g  of t h e   b a t t e r i e s  i s ,  from l e f t   t o  
r i g h t ,   b a t t e r y  1, b a t t e r y  2 ,  b a t t e r y  3. There a r e  some s t r i p  
h e a t e r s   a l o n g   t h e   e d g e s   o f   t h e   m o d u l e   f o r  thermal c o n t r o l   o f   t h e  
b a t t e r i e s ,   a n d  t h e  t h e r m o s t a t s  t h a t  c o n t r o l   t h o s e   h e a t e r s   a r e  
l o c a t e d   o n   t h e   b o t t o m  of  t h i s   m o d u l e .  

( F i g u r e   3 3 - 2 )  

B r i e f l y ,   b a c k   t o   t h e   s y s t e m   d e s c r i p t i o n   t h a t  D r .  Webb went 
i n t o :   t h e   o n l y   t h i n g  I t h i n k   h e   d i d   n o t   m e n t i o n  was t h a t   t h e r e  
a re  c o n t r o l   r e l a y s   o n   t h e   b a t t e r y ,   a n d   t h e r e  is c i r c u i t r y   f o r  
a u t o m a t i c a l l y   r e m o v i n g   t h e m   i n  case o f   o v e r h e a t i n g   ( S e e   F i g u r e  
33-2) .   They   can   be   manual ly   d i sconnec ted .  

(F igu re   33 -3 )  

Some o f   t h e   g e n e r a l   s y s t e m s   o v e r v i e w   o f  it ( F i g u r e   3 3 - 3 ) .  
O r b i t  number i s  shown a l o n g   t h e   a b s c i s s a .  We are  now u p  t o   a r o u n d  
4 1 0 0  o r b i t s .  V o l t s  a re  o n   t h e   o r d i n a t e .  We are  t y p i c a l l y   g e t t i n g  
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abou t   1 .43V per c e l l  e n d   o f   c h a r g e ,   a n d   1 . 2 1 V  per c e l l  e n d   o f  
d i s c h a r g e .   V o l t a g e   l e v e l  4 was s e l e c t e d  a t  o r b i t  no.   271,   and 
replaced b y   l e v e l  5 a t  o r b i t   n o .   1 4 2 8 .  

( F i g u r e  33-4) 

F i g u r e  3 3 - 4   s h o w s   t h e   c h a r g e - t o - d i s c h a r g e  r a t i o  p l o t t e d  
a g a i n s t   t h e   o r b i t   n u m b e r .   T h e   o n - b o a r d   c o m p u t e r  (OBC) h a s   a n  
a l g o r i t h m   f o r  summing ampere m i n u t e s   i n   a n d  o u t  o f   t h e   b a t t e r i e s ,  
and  we dump t h a t   o n c e  per o r b i t   f o r  a l l  t h r e e   b a t t e r i e s ,   w h i c h  w e  
t h e n   u s e  as t h e  s t a t e  o f   c h a r g e   i n d i c a t o r .   T h e r e  a r e  some  inac-  
c u r a c i e s   a s s o c i a t e d   w i t h   t h a t ,   s u c h   t h a t  w e  d o   n o t   r e a l l y   b e l i e v e  
t h a t   t h e   i n d i c a t e d  C / D s  a r e  a c t u a l l y   t h a t   h i g h .  I t h i n k   t h e r e  i s  
a b o u t  a 6 %   e r r o r .  We a r e  g e t t i n g   a n   i n d i c a t i o n   o f   a n   a v e r a g e   o f  
a b o u t   1 . 2 0  C / D ;  w e  t h i n k  i t  i s  a l i t t l e  lower,  p r o b a b l y   a r o u n d  
1 . 1 5 .  

( F i g u r e   3 3 - 5 )  

D e p t h   o f   d i s c h a r g e   ( F i g u r e   3 3 - 5 )   h a s   g e n e r a l l y   b e e n   i n   t h e  
r a n g e   o f   a b o u t   1 4   t o   1 6 %   o v e r   t h e   4 0 0 0   o r b i t s .  

( F i g u r e   3 3 - 6 )  

T h e r e  i s  a c i r c u i t   i n   t h e   m o d u l a r   p o w e r   s y s t e m   f o r   m o n i t o r i n g  
t h e   t o p   a n d   l o w e r   p o r t i o n s   o f   e a c h   b a t t e r y ,   a n d  w e  h a v e   t h a t   i n  
t h e r e   t o   i n d i c a t e   i f  w e  s t a r t  s e e i n g   a n y  c e l l  s h o r t s   o r   d e g r a d a -  
t i o n s   t h r o u g h o u t   t h e   m i s s i o n   ( F i g u r e   3 3 - 6 ) .   S i n c e  we w e n t   b a c k   t o  
v o l t a g e   l e v e l   5 ,   b a t t e r y   n o .  1 h a s   s t a r t e d   t o  creep s l i g h t l y   a b o v e  
t h e   o t h e r s ,   b u t  we a re  r e a l l y  down i n  a m i l l i v o l t   r a n g e   o f  d i f -  
f e r   e n c e  . 

( F i g u r e   3 3 - 7 )  

F o r   a n   e a r l y   o r b i t ,   n o .   1 7 ,   o n   d a y  2 o f   t h e   m i s s i o n ,   F i g u r e  
3 3 - 7   s h o w s   t h e   b a t t e r y   v o l t a g e   t o t a l   l o a d   c u r r e n t   a n d   t h e   t h r e e  
b a t t e r y   c u r r e n t s   p l o t t e d   o n   t o p   o f   e a c h   o t h e r .  You c a n   h a r d l y  
d e t e c t  a d i f f e r e n c e   i n   t h e   t h r e e   b a t t e r y   c u r r e n t s ,   b u t  i t  d o e s  
i n d i c a t e   t h e   i n i t i a l   s u r g e   o n   s u n r i s e   t h a t  we g e t   i n t o   t h e   b a t t e r y  
p e a k   p o w e r   t r a c k i n g ,   w h i c h   a m o u n t s   t o   a b o u t   2 2  - 24A p e r   b a t t e r y ,  
q u i c k l y   g o i n g   i n t o  a t a p e r ,   a n d   t a p e r i n g  down t o  somewhere i n   t h e  
r a n g e   o f  a C / 3 0   e n d   o f   c h a r g e   c u r r e n t .  

( F i g u r e   3 3 - 8 )  

F i g u r e  33-7 was i n c l u d e d   t o   p r o v i d e  a compar i son .   F igu re   33 -8  
s h o w s   o r b i t   3 2 0 0 ,  a t y p i c a l   o r b i t .   T h e r e  are s imi la r  d a t a ,  0.6A, 
C /30 .   Dur ing   d i scha rge   you   can  see a s l i g h t   v a r i a t i o n   i n   t h e   l o a d  
c u r r e n t   s h a r i n g   o f   t h e   t h r e e  b a t t e r i e s  d u r i n g   d i s c h a r g e .  We a re  
d i s c h a r g i n g  a t  a b o u t  6A C/3 r a t e .   A g a i n ,   t h e   p e a k   c h a r g e   c u r r e n t s  
o n   s u n r i s e  a re  22, 24A. Peak p o w e r   t r a c k i n g   f o r   a b o u t   f o u r  
m i n u t e s   b e f o r e   h i t t i n g   t h e   v o l t a g e  limit. 
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( F i g u r e   3 3 - 9 )  

As Dr. Webb or Mr. Halpert s a i d ,  we d o   h a v e  a t h i r d   e l e c t r o d e  
i n   t h e   b a t t e r y .  I t  is n o t   a n   a c t i v e   c o n t r o l   b u t  we d o  u s e  i t  as  a 
s t a t e - o f - c h a r g e   i n d i c a t o r   ( F i g u r e   3 3 - 9 ) .   D u r i n g   t h e   f i r s t   m i n u t e  
of   Sun ,  w e  g e t  s o m e   o x y g e n   g e n e r a t i o n ,   w h i c h   e x c e e d s   t h e   r e c o m b i -  
n a t i o n .  As we g o   i n t o   t h e  taper  c h a r g e ,   t h e   p r e s s u r e  w i l l  
decrease. We are  g e t t i n g  a d e f i n i t e   i n d i c a t i o n   o f   a n   i n c r e a s e  
midway i n   t h e   o r b i t ,   t o w a r d s   t h e   e n d  of t h e   o r b i t ,   w h i c h  w e  t ake  
as a n   i n d i c a t i o n   t h a t  w e  are  i n d e e d   r e a c h i n g  a f u l l  s t a t e  o f  
c h a r g e ,  or a n   o v e r c h a r g e   c o n d i t i o n .  

( F i g u r e   3 3 - 1 0 )  

As I m e n t i o n e d ,   t h e   b a t t e r i e s  a r e  t h e r m o s t a t i c a l l y   c o n t r o l l e d  
t o   t h e   b a s e p l a t e   t h e r m o s t a t s .   T y p i c a l l y ,   u n d e r   t h e r m o s t a t i c  
c o n t r o l ,  w e  h a v e   b e e n   o p e r a t i n g   i n   t h e   r a n g e   1 0  - 1 2  C .  The 
d i f f e r e n c e   b e t w e e n   t h e   c o l d   a n d   h o t   b a t t e r y   h a s   b e e n  a maxiumu o f  
a b o u t  1 C o v e r   t h e   o r b i t .  Many times t h e y   a r e   e x a c t l y   r i g h t .  
F igure   33-10   shows how t h e   h e a t e r   o f   t h e   c e n t e r   b a t t e r y   a c t u a l l y  
g o t   t u r n e d   o f f   b e f o r e   t h i s .  The o t h e r   t w o  b a t t e r i e s  a r e  c o o l i n g  
o f f .  The c e n t e r   b a t t e r y ,   n o t   h a v i n g   s i d e   r a d i a t o r s ,   t e n d s   t o   h a v e  
a s l o w e r   t h e r m a l   c o o l d o w n   t h a n   t h e   o u t e r   b a t t e r i e s ,   a n d a w e   c y c l e  
a r o u n d   w h e r e v e r   t h a t   t h i r d   b a t t e r y   r e a c h e s   a n   e q u i l i b r i u m .  

( F i g u r e   3 3 - 1 1 )  

T h a t  was a t y p i c a l   o r b i t .  We have   had  a c o u p l e   o f  a t y p i c a l  
o r b i t s   ( F i g u r e   3 3 - 1 1 ) .  We h a v e   n o t   b e e n  as  f o r t u n a t e   i n   t h e   o t h e r  
areas  o f   t h e   m o d u l e ' s   m u l t i m i s s i o n  s a t e l l i t e  as  t h e   m o d u l a r   p o w e r  
s y s t e m .   T h e   a t t i t u d e   c o n t r o l   s y s t e m   h a s   s u f f e r e d  a c o u p l e   o f  
h a r d w a r e   f a i l u r e s .  When t h a t   h a p p e n s ,  we d o   h a v e   s o m e   s o f t w a r e   i n  
t h e  OBC f o r   d i s c o n n e c t i n g   n o n - e s s e n t i a l   l o a d s .   I n   e s s e n c e ,   t h e  
b a t t e r y   h e a t e r s   g o t   t u r n e d   o f f   d u r i n g   o n e   o f   t h o s e   h a r d w a r e   f a i l -  
u r e s ,  a n d   f o r  a p e r i o d   o f   a b o u t   l l h ,  we had   no   t he rmos ta t   con -  
t r o l .  W i t h o u t   t h e   h e a t e r s   t h e r e   t o   c o n t r o l   t h e   b a s e p l a t e ,   t h e  
b a t t e r i e s  w i l l  d r o p  down a n d   d i v e r g e .  We h a d   a b o u t  a 4 d i v e r -  
g e n c e   b e t w e e n   t h e   t w o   o p e r a t i n g   t e m p e r a t u r e s .  

We saw these d a t a   d u r i n g   i n t e g r a t i o n   a n d  tes ts  a s  well .  From 
t h a t ,  and   f rom  wha t  w e  a re  s e e i n g   h e r e ,  w e  d e t e r m i n e d   t h a t  w e  c a n  
p o s s i b l y   i n c r e a s e   m i s s i o n   l i f e t i m e   b y ,   i n s t e a d   o f   o p e r a t i n g   i n  a 
r a n g e   1 0  - 1 2  C ,  l e t t i n g   t h e s e  b a t t e r i e s  c o o l  down t o  w h e r e   t h e y  
m i g h t   g o ,   a n d   t h e n   t r y i n g  t o  c o n t r o l   t o  a much l o w e r   t e m p e r a t u r e  
r a n g e .   T h i s  w e e k  we h a v e   i n i t i a t e d   t h a t   t u r n i n g   o f f   o f   t h e  
h e a t e r s .  We s h a l l   g o   t o  a m a n u a l   c o n t r o l   o v e r   t h e   h e a t e r s ,   r a t h e r  
t h a n  a t h e r m o s t a t   c o n t r o l .  

C u r r e n t l y ,  w e  a r e  down t o   a r o u n d  5 C o n   t h e   t h i r d   b a t t e r y ,   a n d  
n o s .  1 and 2 a r e  a t  z e r o .  We d o   n o t   r e a l l y   w a n t  t o  o p e r a t e   t h e r e  
on  a l o n g - t e r m   b a s i s   w i t h   t h a t  much t e m p e r a t u r e   d i f f e r e n c e .  We 
s h o u l d  l i k e  t o   g e t   i n t o  a c y c l i n g :   w h e r e v e r   t h i s   b a t t e r y   n o .  3 
r e a c h e s   e q u i l i b r i u m ,  we s h a l l   t r y   t o   o s c i l l a t e   a r o u n d  it. 
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(Figure 33-12) 

Around o r b i t  3000, when we l o s t   a t t i t u d e   f o r  a couple  of 
o r b i t s  and  were i n  e s s e n t i a l l y  a random tumble mode, we got  very 
l i t t l e  Sun for   these  two o r b i t s .  I n  f a c t ,  t h e  b a t t e r i e s  were 
s t i l l  on discharge  for  about a 4-hour period. The b u s  vol tage  ran 
down to   about  24.5V, 1 . 1 1 V  per   cel l   (Figure  33-12) .  We took 36A h 
ou t  of t h e   t h r e e   b a t t e r i e s ,  which is a 6 0  A h r a t e d   t o t a l ,  some- 
where i n  the  range  of  57% DOD. You can   see   tha t   as  we got  down i n  
s t a t e  of charge,  we d i d  s t a r t   t o   g e t  some divergence  of  the  three 
ba t te ry   cur ren ts   shar ing .  However, i t  was not   very   s ign i f icant .  
I t  was perhaps 0 . 8 A .  

(Figure 33-13) 

We had a s e r i e s  of o rb i t s   du r ing   t he  autumn equinox, a period 
of  about two weeks when the   hea t e r s  were on continuously.  During 
that   t ime we reached an unstable  equilibrium,  such  that   the  base- 
p l a t e  d i d  not   qui te   reach  the 7 . 4  C cutoff  point  (Figure  33-13).  
A s  a resu l t ,   the   hea te r   s tayed  on continuously.  If you remember, 
t he   s t r i p   hea t e r s   a r e   a long   t he   edges   o f   t he  module, and s o  the 
two o u t e r   b a t t e r i e s  i n  d i r e c t   l i n e  t o  tha t   rad ia t ion   hea ted  up. 
We got  about a 2 C d i f fe rence   across   the   ba t te ry   packs .  However, 
they d i d  s t a b i l i z e   a t   a b o u t  1 4  C peak.  Therefore,  even i n  a 
simulated  heater-on  failure,  we had some cont ro l  of the   ba t te ry  
temperatures. We were ab le   to   de te rmine   tha t  t h i s  happened as  a 
r e s u l t  of autumn equinox and Earth  a lbedo  effects ,   such  that  we 
were g e t t i n g  a much more e f f i c i en t   r ad ia t ion   o f f   t he   basep la t e  
than we normally do throughout  the  year. 

(Figure 33-14) 

Last  year Mr. Halpert   presented some of the   da ta  on the Crane 
t e s t s ,  and he  went  over that   again  today.  There  are a couple of 
packs, GE c e l l s ,   t h a t   a r e   c u r r e n t l y   b e i n g   c y c l e d   a t  20 C ,  25% DOD, 
which is  n o t   i d e n t i c a l   t o  our o r b i t ,  b u t  it brackets  i t  ( see  
Figure  33-14). 

(Figure 33-15) 

The other pack tha t   b racke ts  our operat ion is 1 0  C ,  4 0 %  DOD 
(See  Figure  33-15). We a r e   a c t u a l l y  more i n  the  range  of 1 0  C ,  
1 5 %  DOD. Therefore, it i s  n o t  an exact  comparison. However, I 
make comparisons where I can. 

(Figure 33-16) 

We ran an  in-module conditioning  cycle back i n  November before 
i n t e g r a t i n g   t h e   b a t t e r i e s   a t   t h e   l a u n c h   s i t e .  Because  of these 
deep  depths of discharge,  which I went i n t o ,  we have some da ta   a s  
t o   t h e   r a t i o  of  ampere hours a t   t h e   v o l t a g e .  
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Comparing  Figures  33-14  and  33-16,  you  can see t h a t  we are 
s l i g h t l y   b e t t e r   t h a n   i n   t h e  20 C ,  25% DOD r e g i m e   t h a t  w e  would 
e x p e c t ,   a n d   c o m p a r i n g   F i g u r e s  33-15  and  33-16, b e t t e r   t h a n  a 10  C ,  
4 0 %  DOD r e g i m e   t h a t  we w o u l d   e x p e c t .  

I n  summary, w e  h a v e   b e e n   r a t h e r   f o r t u n a t e   i n   t h e   p o w e r   s y s t e m .  
We have   ach ieved   pe r fo rmance  as  p r e d i c t e d .  I t  appears t h a t  
a l t h o u g h  we c a n n o t   s a y   t h a t  we are  d o i n g   b e t t e r   t h a n   t h e   C r a n e  
l i f e  t e s t  d a t a ,  we a r e  n o t   d o i n g  worse: So f a r ,  w e  have  had a 
good  miss ion ,   and  w e  h o p e   t h a t  it w i l l  c o n t i n u e .  

DISCUSSIONS 

COLBURN: On F i g u r e  33-4  you  had  some  recharge  f ract ion num- 
b e r s   t h a t  were, I b e l i e v e ,   u p   t o   1 . 2 8 ,   a n d  some were lower .  You 
s a i d   t h a t   y o u   d i d   n o t  q u i t e  b e l i e v e   t h a t   t h e y  were t h a t   h i g h   i n  
r e a l i t y ,  and t h a t   t h e r e  was a b o u t  a 6 %   e r r o r   a s s o c i a t e d   w i t h   t h o s e  
numbers. I am wondering how y o u   a r r i v e d  a t  how t o   d e t e r m i n e   t h e  
c o n f i d e n c e   o f  a r e c h a r g e   f r a c t i o n   n u m b e r ,   a n d  how y o u   d i d   t h a t  
e r r o r   a n a l y s i s ?  

BRODERICK: I n  a way I s t e p p e d   t h r o u g h   t h e   s y s t e m   c o m p o n e n t s .  
The a c c u r a c y   o f   t h e   c u r r e n t   s e n s o r   i t s e l f ,  1% o f   f u l l  s ca l e .  F u l l  
s ca l e  f o r  u s . i s  -50 t o  +50A, and s o  w e  have  a 1 A  e r r o r   a s s o c i a t e d  
w i t h   t h e   c u r r e n t   s e n s o r .   C u r r e n t   s e n s o r   a c c u r a c y  i s  a f u n c t i o n  of  
t e m p e r a t u r e   a n d   l o a d   v o l t a g e .  

The r e m o t e   i n t e r f a c e   u n i t ,   w h i c h  samples t h e   t e l e m e t r y ,   h a s  
d i g i t a t i o n   e r r o r s   o f  0 . 4 A .  We h a v e   d o n e   h a n d   i n t e g r a t i o n s   t o  
c o r r e l a t e ,   a n d   t h e s e   h a n d   i n t e g r a t i o n s  j u s t  g i v e  u s  w h a t   t h e  
computer   gave u s .  T h e r e f o r e ,  it was r e a l l y  j u s t  t h e   a c c u r a c i e s   o f  
t h e   c u r r e n t   s e n s o r s   t h e m s e l v e s   t h a t   g i v e  u s  t h a t   l a r g e   e r r o r .  

COLBURN: You j u s t  d i d   t h e   e r r o r s  by e a c h   i n d i v i d u a l  compon- 
e n t s  and   added   t hem  toge the r?  

BRODERICK: Tha t  i s  c o r r e c t .  

HALPERT: I might  j u s t  a d d   t h a t   t h e s e  a re  c o m p a r a b l e   t o   t h e  
Crane da t a ,  a n d   t h e r e  we a r e   r u n n i n g   b e t w e e n   1 0 5   a n d   1 0 6 %   f o r   t h e  
same c e l l s  a n d   t h o s e   t w o   d i f f e r e n t   o r b i t s   t h a t   y o u   w e r e   l o o k i n g  a t  
t h e r e .   T h e r e f o r e ,   o b v i o u s l y ,   i f  w e  a r e  runn ing   105   and   106%  in  
one case,  and  115 - 1 2 0 %   i n   a n o t h e r ,  we know we have  some c o n c e r n  
t h e r e .  The c u r r e n t   s e n s o r s  w i l l  g i v e  u s  t h a t   k i n d   o f   a n   e r r o r .  
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V I K I N G  LANDER FIVE YEAR SUMMARY 
A .  B r  i t t i n g  

M a r t i n  Marietta 

( F i g u r e   3 4 - 1 )  

I s h a l l  be t a l k i n g   a b o u t   t h e   V i k i n g   l a n d e r s ,   b u i l t   b y  Martin 
Marietta, t h a t  were l a u n c h e d   i n   1 9 7 5 ,   c r u i s e d   e l e v e n   m o n t h s  t o  
Mars, a n d   l a n d e d   i n   J u l y   a n d   S e p t e m b e r   o f   1 9 7 6   ( F i g u r e  3 4 - 1 ) .  
T h e i r   p l a n n e d   m i s s i o n  was 9 0   d a y s   o f   s c i e n t i f i c   i n v e s t i g a t i o n   a n d  
s e a r c h   f o r   l i f e .  Pie a re  c u r r e n t l y   i n   t h e   1 6 0 0 t h   d a y   o f   o u r   l a n d e d  
o p e r a t i o n s   o n   o n e   o f   t h e  two L a n d e r s .   T h e   m i s s i o n   o f   t h e   o t h e r  
o n e   h a s   b e e n   t e r m i n a t e d .  

( F i g u r e   3 4 - 2 )  

T h e   b a t t e r y   a s s e m b l i e s   i n   t h e   L a n d e r   ( F i g u r e   3 4 - 2 )  a re  l o c a t e d  
as t e m p e r a t u r e   a n d   b a t t e r y   v o l t a g e   m o n i t o r i n g .  On E a r t h  w e  d i d  
h a v e   i n d i v i d u a l  c e l l  m o n i t o r i n g   f o r   i n i t i a l  tes ts .  

I s h o u l d   m e n t i o n   t h a t   t h e  c e l l  c o n s t r u c t i o n  was p e l l o n   F T 2 1 ,  
n o n - w o v e n   p o l y p r o p y l e n e   s e p a r a t o r   m a t e r i a l .   T h e  ce l l s  were manu- 
f a c t u r e d   b y  GE. 

(Tab le   34 -1  ) 

Table 3 4 - 1   i d e n t i f i e s   t h e   t o t a l  n u m b e r   o f   c y c l e s   o n   t h e   L a n d e r  
1 and  Lander  2 b a t t e r i e s   t h a t   e x c e e d e d  5%.  To d a t e ,  o n  Lander  1 
w e  a r e   a p p r o a c h i n g   1 0 , 0 0 0 ~ c y c l e s 1   t h e   m a j o r i t y   o f   w h i c h  a r e  
b e t w e e n   z e r o   a n d  5% d e p t h   o f   d i s c h a r g e .  

Our c h a r g i n g  scheme is s u c h   t h a t   d u r i n g   t h e  4h p e r i o d  we h a v e  
o n e   b a t t e r y   o n   c h a r g e   f o r   l h ,   a n d   t h e   o t h e r   t h r e e   o n   t h e   e q u i p m e n t  
b u s .  After  l h ,   t h a t   b a t t e r y  i s  t a k e n   o f f   a n d   t h e   n e x t   b a t t e r y  is 
p u t   o n   t h e   b u s ;   t h e   b a t t e r y   g e t s   c h a r g e d   u n t i l   s u c h  time a s  t h e  
v o l t a g e   t e m p e r a t u r e   c o m p e n s a t o r   s c h e m e   s e n s e s  a h i g h   o n   t h e   v o l t -  
a g e   o n   t h e   b a t t e r y  t o  t e r m i n a t e   t h e   c h a r g e .   T h e   g r e a t e s t   d e p t h   o f  
d i s c h a r g e   e n c o u n t e r e d   d u r i n g   t h e   m i s s i o n  was d u r i n g   t h e   d e s c e n t  
p o r t i o n   o f   t h e   m i s s i o n .  We had 50 and 55% d e p t h   o f   d i s c h a r g e   o n  
Lander 1, 4 6   a n d   2 9 %   d e p t h   o f   d i s c h a r g e   o n   L a n d e r   2 .   T h e   m a j o r i t y  
of t h e   c y c l e s   t h a t   h a v e   a n y   s i g n i f i c a n t   d i s c h a r g e   h a r d l y   e x c e e d  
20%. 

( F i g u r e  34.-4) 

As shown i n   F i g u r e  34-4 ,  l a s t  y e a r  a t  t h i s  time we h a d   i d e n t i -  
f i e d   t h a t   t h e   L a n d e r  1 b a t t e r i e s  were p e r f o r m i n g   n o r m a l l y ;   i n  
f a c t ,  a l i t t l e  b e t t e r   t h a n   e x p e c t a t i o n ,   h a v i n g   d e g r a d e d   p r o b a b l y  
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10 - 15% from  the  cruise  conditioning  tests  we had performed. We 
were  still  in  the  area of 7A  h. Lander 2,  however, had experi- 
enced an anomaly  that caused the Lander to operate in excess of 
8 0  F (27 C) Fahrenheit for 137 days. During  that time we had no 
communication  with the Lander and no  way of running any tests of 
the impact on the batteries. Also, during  this time we did not 
discharge  the  batteries significantly. The  majority of those 
discharge  cycles were in the 0 - 5% range. We were still  doing 
the lh charge, 3h off  charge cycles. Once we recovered and 
regained communication with the Lander, we found initially that 
one battery was  down by 4.5A  h. Subsequently  to,  the other bat- 
teries were found to be in the  area of 2 - 2.5A h  from  the initial 
8A  h end of 90-day mission  design requirement. 

We then embarked on a  scheme to recharge or condition-charge 
the batteries by discharging them to 27.3 V through the 19.3 ohm 
resistor,  about C/5, and then  recharging  at roughly a  C  rate to 
charge cutoff. It appeared that we were  well  on our way to 
recovering a  good  portion  of  the  capacity of the batteries. We 
were  doomed,  however,  soon  to  reduce  communication with Lander 2, 
because our main method of communication  was with an orbiter that 
was  fast  losing  its  attitude  control system. Therefore, we did 
not  get the batteries all completely conditioned. I do not  have 
all the information  I should have liked at this time to report  on 
that particular set  of batteries on Lander 2. 

(Table 34-2) 

I did report  last year that our scheme of discharging at 
27.3 V at C/5 and then recharging at the C rate, picking battery C 
there  from Lander 2,  was able to recover. Table 34-2 shows  the 
90-day timeframe. We measured 2.12A h  out of the battery at this 
time. 90  days  later, after having performed a  conditioning  cycle, 
we had recovered about 50% of the cycle. A week later we  did  one 
more test, and recovered another 40% of  the capacity. 

At this time, knowing that we were  going  to  lose the Lander,  I 
was  a  little  curious to see  what would happen if  we discharged a 
battery below 1.1  or  0.8 V per cell,  knowing  full well I would 
probably end up reversing cells, and we  might find that  we  per- 
manently damaged the battery. We  did, in fact, reverse cells. 
However, having a fixed resistance  across the battery during the 
discharge tests, and having the voltage  decay, and the current 
discharge  current  was naturally decaying. As a  result,  even 
though we did reverse  the  cells, it was  not  permanent and we were 
able to recharge  the battery and use it. I noticed additional 
improvement in the capacity of the battery. 

We then embarked on doing this to  all  the  batteries on  the 
Lander. However,  the  mission ended. We simply ran out  of time and 
could not  get  enough  additional  information for me to  report 
anything significant other than the fact  that it looked as if 
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d i s c h a r g i n g   a n d   t a k i n g   t h e  c e l l s  a l l  t h e  way  down, as  was men- 
t i o n e d   i n   a n  e a r l i e r  p a p e r   h e r e ,   d o e s   s i g n i f i c a n t l y   i m p r o v e   t h e  
ba t te r ies .  

( F i g u r e   3 4 - 5 )  

F igure   34-5   shows a t y p i c a l   c h a r g e / d i s c h a r g e   s c h e m e   t h a t  w e  
a re  now u s i n g   o n   L a n d e r  1. On Lander  1 w e  h a v e   n o t   b e e n   d o i n g   a n y  
c o n d i t i o n i n g  fo r  t h e  l a s t  two y e a r s .  We saw t h a t   t h e   o p e n - c i r c u i t  
t e r m i n a l   v o l t a g e  was a b o u t   3 2  - 3 3 V ,  as  i t  h a d   b e e n   r i g h t  a t  
touchdown. We saw n o   r e a s o n  t o  d o   a n y t h i n g   w i t h   r e g a r d  t o  c o n d i -  
t i o n i n g   t h e r e .   H o w e v e r ,   h a v i n g   s e e n   t h e   w e a k e n e d   b a t t e r i e s  o n  
Lander  2,  we c h o s e   t o   p l a y   w i t h   t h o s e .  

F igu re   34 -5  i s  t h e   c u r v e   s h o w i n g   t h e   d i s c h a r g e   v o l t a g e ,  a 
c u t o f f  a t  our  27.3V, a r e c o v e r y   d u r i n g   w h i c h  time t h e   b a t t e r y  
v o l t a g e   d i d  r i s e ,  t h e   r e c h a r g e  a t  C/8 t o   t h e   v o l t a g e   t e m p e r a t u r e  
c o m p e n s a t o r   c h a r g e   c u t o f f .  On t h e  sca le  o n   t h e   r i g h t   o r d i n a t e ,  is  
a d i s c h a r g e   c u r r e n t   c u r v e .   T h e   b o t t o m  of t h e  s ca l e  is  t h e  tem- 
p e r a t u r e  sca le  f r o m  50 t o  64 F .  The t y p i c a l   d i a g o n a l   t e m p e r a t u r e  
v a r i a t i o n   o n   t h e   L a n d e r   r a n g e s  a s  s h o w n   o n   t h e   c h a r t   h e r e .   D u r i n g  
t h e   d i s c h a r g e ,   b e c a u s e  it is e x o t h e r m i c ,   y o u   c a n  see t h e   i m p a c t  it 
h a d .   S i n c e   t h e   r e c h a r g e  was somewha t   endo the rmic ,   you  see a time 
l a g   b e f o r e   t h e   n o r m a l   t e m p e r a t u r e   r i s e   s t a r t s   t a k i n g   e f f e c t .  
These  a r e  t y p i c a l   c y c l e s  w e  a r e  p e r f o r m i n g  now o n   e a c h   o f   t h e  
L a n d e r   b a t t e r i e s ,   3 7 ,   3 8   d a y s   a p a r t ,   r e p e a t i n g   o n c e   e v e r y   f i v e  
months .  

( F i g u r e   3 4 - 6 )  

The  r e a s o n  for d o i n g   t h a t  i s  d i s p l a y e d   i n   t h e   L a n d e r  1 b a t t e r y  
p e r f o r m a n c e   c h a r t   ( F i g u r e   3 4 - 6 ) .   T h e  A ,  B, C and D o n   t h e   g r a p h  
i d e n t i f y   t h e   f o u r   b a t t e r i e s   o n   t h e   L a n d e r .   B a t t e r i e s  A and  B a r e  
t h e   t w o   i n   t h e   v e r y   c o r n e r   o f   t h e   L a n d e r ,   a n d   t e n d   t o   o p e r a t e  5 o r  
7 c o o l e r .  B a t t e r i e s  C and  D,  u n t i l   t h e   b e g i n n i n g   o f   M a r t i a n  
summer, a l i t t l e  o v e r   s i x   m o n t h s   a g o ,  were o p e r a t i n g  wel l .  A t  
t h a t  time w e  d i s c o v e r e d   t h a t  t h e  b a t t e r i e s  were i n c r e a s i n g   i n  
t e m p e r a t u r e   a n d  were o p e r a t i n g  a t  a b o u t   1 0  - 15  h i g h e r   t h a n  
b a t t e r i e s  A and B. 

A t  t h a t  same time I b e g a n   t o   n o t i c e   t h e   b a t t e r y   t e r m i n a l  
v o l t a g e   d e p r e s s i n g  t o  30 - 3 1 V .  We d e t e r m i n e d  a t  t h i s  time t h a t  
we s h o u l d   r u n  some c o n d i t i o n i n g  tes ts ,  if f o r   n o   o t h e r   r e a s o n   t h a n  
t o   f i n d   o u t   t h e   d i f f e r e n c e   i n   a m p e r e   h o u r   c a p a c i t y   r e a c h e d   i n   t h e  
f o u r   b a t t e r i e s   a n d   t o  see i f  we c o u l d   f i n d  a scheme t o   c o o l   t h e  
two c u r r e n t l y   d e p r e s s e d   v o l t a g e   b a t t e r i e s .  We r a n   o u r   d i s c h a r g e  
tests. We f o u n d   t h a t   b a t t e r i e s  A a n d  B were r o u g h l y   3 0 %   d e g r a d e d  
s i n c e   t h e i r   i n i t i a l   p r e - s t e r   i l i z a t i o n  t e s t ,  o r   a b o u t   1 5 %   d e g r a d e d  
s i n c e  c ru i se .  B a t t e r i e s  C and  D, however ,  were down t o  3.6A h ,   o r  
h a r d l y  50% o f   t h e i r   i n i t i a l   s p e c i f i c a t i o n   c a p a c i t y ,   a n d  down t o  
6 7 %   o f   t h e i r   i n i t i a l   c r u i s e   c a p a c i t y .  
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I 

Our power  system is d e s i g n e d   s u c h   t h a t  a l l  excess   power  is 
f i r s t   s u p p l i e d   f o r   b a t t e r y   c h a r g i n g .   I f   t h e   b a t t e r y   c h a r g e   c u t o f f  
h a s   o c c u r r e d ,   t h e   p o w e r  i s  dumped t h r o u g h   s h u n t   r e g u l a t o r s   i n   t h e  
L a n d e r   l e g s   a n d   r a d i a t o r .  If b a t t e r y   c h a r g e   c u t o f f   d o e s   n o t  
o c c u r ,   a n y  excess p o w e r   n o t   b e i n g   u s e d   o n   t h e   e q u i p m e n t   b u s  is 
c h a n n e l e d   i n t o   w h a t e v e r   b a t t e r y  i s  on   t he   cha rge   bus .   These   two  
weaker b a t t e r i e s ,   h a v i n g  a l o w e r e d   t e r m i n a l   v o l t a g e ,   a n d   t h e  
temperature n o t   b e i n g   h i g h   e n o u g h   f o r   t h e  temperature compensa t ion  
p o r t i o n s   t o  c u t  o f f   t h e   b a t t e r i e s ,   a c c e p t e d  a l l  t h e  excess unused 
power  on t h e   e q u i p m e n t   b u s   f o r   c h a r g i n g ,   a n d   t h r o u g h   a n  1 2 R  
h e a t i n g ,   b e g a n   r i s i n g   i n  temperature. I p r o v e d   t h i s   b y   p u t t i n g  
some a d d i t i o n a l   l o a d s   o n   t h e   e q u i p m e n t   b u s ,   s u c k i n g  some o f   t h e  
ex t r a  p o w e r   f r o m   t h e   r a d i o i s o t o p e   t h e r m o e l e c t r i c   g e n e r a t o r s  
( R T G s ) ;  I p u t   a b o u t  a 1 A  l o a d   o n   t h e   e q u i p m e n t   b u s   f o r  a s h o r t  
time a n d   n o t i c e d  a s i g n i f i c a n t   d r o p   i n   t h e   b a t t e r y   t e m p e r a t u r e s .  
I c o u l d   n o t   l e a v e   t h a t   o n   f o r   e v e r   b e c a u s e   t h e  RTGs a re  d e c a y i n g  
a t  4W pe r   yea r   and  w i l l  n o t   b e   a b l e   t o   h a n d l e   t h a t   a d d i t i o n a l   l o a d .  

We d e c i d e d   t o   d o   o u r   c o n d i t i o n i n g  t e s t  on a l l  f o u r   b a t t e r i e s  
o n   t h i s   f i v e - m o n t h   c y c l e ;   o n c e   e v e r y   3 8   d a y s ,  take a b a t t e r y ,  
d i s c h a r g e  a t  7.23V, C / 5 ,  a n d   t h e n   r e c h a r g e  a t  C / 8 .  U n t i l   s u c h  
time as  we d e t e r m i n e   t h a t  w e  n e e d   t o  command t h e   L a n d e r   n o t   t o   d o  
t h a t   a n y   m o r e  -- if w e  f i n d  we a r e  n o t   h a v i n g   a n y   s i g n i f i c a n t  
g a i n s  -- t h a t  w i l l  h a p p e n   a d   n a u s e u m ,   o r   u n t i l   t h e   L a n d e r   d e c i d e s  
t o   s h u t  down. I s a y   t h a t   b e c a u s e  w e  d o   h a v e   u n d e r v o l t a g e   s e n s o r s  
on  board,   which we c a n  t r i p .  

From a p e r f o r m a n c e   s t a n d p o i n t ,   L a n d e r  1 h a s ,   o n  a once-a-week 
t o  once-a-month   cyc le ,   been   go ing   th rough a normal 1 A  d i s c h a r g e  
c y c l e  ( C / 8  f o r   l h  a t  1 2 %  DOD) because   o f   t he   no rma l   communica t ion  
it makes w i t h   E a r t h .  We h a d ,   i n   t h e  p a s t ,  f o u n d   t h a t  we had  no 
p r o b l e m s   w i t h   t e r m i n a l   v o l t a g e s   o n   t h a t   L a n d e r ,   a n d   t h o u g h t   n o  
a d d i t i o n a l   c o n d i t i o n i n g   w o u l d   b e   n e c e s s a r y   o n   t h o s e   b a t t e r i e s .  We 
were d i s c h a r g i n g   t o   r o u g h l y  peak d i s c h a r g e s   t o   1 5 % ,   a n d   r e c h a r g i n g  
a t  C / 8 .  

We h a v e   s i n c e   f o u n d  l i t t l e  d e g r a d a t i o n   o n   t w o   b a t t e r i e s ,  as  I 
r eco rded  e a r l i e r .  Two b a t t e r i e s   h a d   g r e a t e r   d e g r a d a t i o n ,   h a v i n g  
d e p r e s s e d   t e r m i n a l   v o l t a g e s .  We a r e  s e e i n g   u n e q u a l   l o a d   s h a r i n g  
b e t w e e n   t h e   b a t t e r y  p a i r s ,  i . e .  t h e  two  good b a t t e r i e s  a r e  monopo- 
l i z i n g   t h e   e q u i p m e n t   b u s   l o a d  when t h e r e  a r e  h e a v y   l o a d s   o n   t h e  
equipment   bus .  We a r e  s e e i n g   t h e   1 0  - 1 5  F h i g h e r   o p e r a t i n g  
t e m p e r a t u r e s   o n   t h e s e  b a t t e r i e s .  

In  summary, we have  had a f i v e - y e a r   o p e r a t i o n   w i t h   n o   f a i l -  
u res .  We have   had   no   opens   ( t o   ou r   knowledge )   and  no s h o r t s   ( t o  
o u r   k n o w l e d g e )   w i t h   r e g a r d   t o   b a t t e r y   p e r f o r m a n c e .  A s  f a r  a s  t h e  
9 0  d a y   m i s s i o n ,   o b v i o u s l y  w e  a r e  wel l  p a s t  t h a t ,   b e i n g  a t  t h e   1 6 0 0  
d a y s   t h a t  I r e p o r t e d  e a r l i e r .  The  Lander 2 mis s ion   has   been  
t e rmina ted .   Fo r   t he   Lande r  1 m i s s i o n  we found ,  a s  I d i d   r e p o r t  
e a r l i e r ,   t h a t   t h e   w e e k l y   m a i n t e n a n c e ,  if I can  c a l l  it t h a t ,  j u s t  
powering u p  t h e   L a n d e r   f o r   c o m m u n i c a t i o n   l i n k ,  was n o t   s u f f i c i e n t  
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t o  keep t h e   b a t t e r i e s   i n   a n y   g o o d   c o n d i t i o n .  We have   de t e rmined  
t o   g o   a h e a d   a n d   d o   t h e   r e c o n d i t i o n i n g .  One o f   t h e   r e a s o n s  w e  want 
t o  keep t h e   r e c o n d i t i o n i n g   s c h e m e   g o i n g  is t h a t   t h e   G a l i l e o   p r o -  
gram is  p l a n n i n g   o n   u s i n g   t h e  Mars g r a v i t y  assist t o  save some o f  
t h e   t r a j e c t o r y   c o r r e c t i o n   f u e l   o f  i t s  Delta V t o   g e t   o n  t o  
J u p i t e r .  The b e s t  way t o   d e t e r m i n e  Mars's ephemer i s  i s  t o   l o c a t e  
Mars e x a c t l y .  We h a v e   t h e  equipment  on Mars t o   l o c a t e  Mars 
e x a c t l y ,   a n d   t o   l o c a t e   t h e   G a l i l e o   s p a c e c r a f t   e x a c t l y .  The p l a n  
is ,  i n   J u n e   o r   J u l y   1 9 8 4 ,   t o   h a v e   t h e   G a l i l e o   s p a c e c r a f t  pass 
w i t h i n  200km of Mars b y   u s i n g   t h e  Mars g r a v i t y  assist, and   t hen  
do ing  a Delta V b u r n   a n d   g o i n g   o n   t o   J u p i t e r .   T h u s  w e  now have   an  
a d d e d   i n c e n t i v e   t o  keep our  90  d a y   m i s s i o n   g o i n g   u n t i l   1 9 8 4 .  

DISCUSSION 

GEORGE: You s a i d   t h e   a n o m a l y   w o u l d   r e c h a r g e  a t  t h e  C r a t e ?  

B R I T T I N G :  C/8. 

GEORGE: What d i d   y o u   d e t e r m i n e  was t h e  maximum s a f e g u a r d i n g  
r a t e  f o r  t h o s e   b a t t e r i e s ?  

B R I T T I N G :  We d i d   n o t   r e a l l y   h a v e   t h a t   p r o b l e m .  We were 
l i m i t e d  by t h e  amount  of  power w e  c o u l d   g e t   o u t   o f  t h e  R T G s .  

GEORGE: When you d i d   y o u r   r e c o n d i t i o n i n g ,   y o u   d i d   a n   e x p e r i -  
ment t o   d r o p   t h e  c e l l  v o l t a g e   t o  0.8V a v e r a g e ?  

BRITTING:  I n   f a c t ,   e v e n   b e l o w  0.8V. We a c t u a l l y   d i s c h a r g e d  
t h e  b a t t e r y  f o r  s e v e n   h o u r s   w i t h  a 19 .3  ohm l o a d   a c r o s s  i t .  On 
t h e  p a r t i c u l a r   b a t t e r y  t h a t  I showed, we d i s c h a r g e d  it t o  a l e v e l  
o f  9 .88 V t h e   f i r s t  time. A s u b s e q u e n t   d i s c h a r g e  some time l a t e r  
o n l y   t o o k  it down t o  18 .04V.   However ,   dur ing   the   d i scharge  we d i d  
s ee   ce l l  r e v e r s a l s .  You c o u l d   a c t u a l l y  see ,  i f  y o u   p l o t t e d   t h e  
c u r v e ,  l i t t l e  d i p s  a s  t h e  c e i l s  were r e v e r s i n g .  I d i d   n o t   h a v e  
i n d v i d u a l  c e l l  m o n i t o r i n g ,   a n d  so I had  no way t o   s a y   t h a t  a 
c e r t a i n  c e l l  r e v e r s e d .  

GEORGE: You sa id   you   had   two   24 -ce l l   g roup ings?  

B R I T T I N G :  Yes. 

GEORGE: So y o u   t o o k   t h a t   t o  9.8V? 

BRITTING: Yes. 

GEORGE: I f   you  were a b l e   t o   d e t e c t   s o f t   s h o r t s  -- y o u   i n d i -  
c a t e d   y o u   h a d   n o   s h o r t s  -- were y o u   a b l e   t o  see a n y   o f   t h o s e   d i p s  
i n   o t h e r   t h a n   y o u r   d i s c h a r g e   d u r i n g   r e c o n d i t i o n i n g ?  
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BRITTING: T h e   o n l y   d i p s  were i n   t h e   v o l t a g e   c u r v e ,   a n d   t h e  
r e s o l u t i o n   o f   t h e   t r a n s d u c e r s  was n o t   s u c h   t h a t  I c o u l d   h o n e s t l y  
i d e n t i f y   t h e   o c c u r r e n c e   o f  a d i p .  

VOICE:  Were t h e  c e l l s  matched? 

BRITTING:  I n i t a l l y ,   t h e  c e l l s  were ma tched .   I f  Mr. Mason is  
h e r e ,   p e r h a p s   h e   c o u l d   i d e n t i f y   t h e   t o l e r a n c e .  I d o   n o t  r e c a l l .  

VOICE:  I f   t h e  c e l l s  were matched ,   what   do   you   th ink   caused  
t h e  c e l l  r e v e r s a l ?  

MASON: The c e l l s  w e r e   m a t c h e d   i n i t i a l l y ,  b u t  o f   c o u r s e   t h i s  
i s  s e v e r a l   y e a r s   i n t o   t h e   m i s s i o n .  I d o   n o t  know e x a c t l y   w h e r e  
you s t a r t e d   s e e i n g   t h e   r e v e r s a l s ,  b u t  I b e l i e v e   t h e y  were matched 
t o   w i t h i n  2% o f   i n i t i a l   c a p a c i t y   a f t e r   b u r n i n g   p r i o r   t o   b a t t e r y  
assembly .  I t  may h a v e   b e e n   e v e n   c l o s e r   t h a n   t h a t .   W h a t e v e r  
mismatching  you a r e  s e e i n g  a t  t h i s   p o i n t  i s  d i v e r g e n c e  d u e  t o  
a g i n g .  

BOWERS: Were t h e r e   a n y   p e r i o d s   d u r i n g   t h i s   m i s s i o n  when t h e  
b a t t e r i e s  were on  open c i r c u i t ,  be tween   t he   end   o f   cha rge   and   t he  
s t a r t  o f   d i s c h a r g e ?  

B R I T T I N G :  F o r   s h o r t   p e r i o d s ,   y e s .   F o r   i n s t a n c e ,   d u r i n g  a 
c h a r g e   c y c l e ,   i f  when we h o o k e d   t h e   b a t t e r y   t o   t h e   c h a r g e   b u s ,   t h e  
b a t t e r y   i m m e d i a t e l y   s h o w e d  a h i g h   e n o u g h   v o l t a g e   t o  cause our  
c h a r g e   c o n t r o l   l o g i c   t o   t e r m i n a t e   c h a r g e   f o r   t h e  r e s t  o f   t h a t   l h  
c h a r g e   p e r i o d ,   t h e   b a t t e r y   w o u l d   b e  j u s t  s i t t i n g   t h e r e  on  open 
c i r c u i t .  However, as f a r  as  a n y   p r o l o n g e d   p e r i o d   d u r i n g   t h e  
m i s s i o n ,  w e  were a lways   unde r   once   an   hour   on   t he   cha rge   bus ,  3h 
o f f ,   l h   o n ,   s i x  times a d a y   o n   e a c h   b a t t e r y .  

GEORGE;: I am coun t ing   48  c e l l s  t h a t  you   have   fo r  a g i v e n  
b a t t e r y .  

BRITTING:  For a g i v e n   b a t t e r y   a s s e m b l y .   I n   e a c h   b a t t e r y  
a s s e m b l y   t h e r e   a r e   t w o  24-cell  b a t t e r i e s ,  a n d   t h e r e  a re  two   ba t -  
t e r i e s  per s p a c e c r a f t .  

GEORGE: You d i s c h a r g e d   t h i s   t o   a b o u t  lOV? 

BRITTING:  Yes. 

GEORGE: T h a t   c o m e s   o u t   t o  less t h a n  0.8V per c e l l .  

B R I T T I N G :  I sa id  t h a t  I was g o i n g   t o   d i s c h a r g e   t h e   b a t t e r i e s  
f o r  711, n o t   t o  0.8V p e r  c e l l .  I f  I d i d   n o t   g e t   t h a t   a c r o s s ,  I am 
s o r r y .  I knew f u l l  well I wou ld   r eve r se  some c e l l s  when I d i d  
t h i s ,  and as t h e   m i s s i o n  was g o i n g   t o   t e r m i n a t e   i n   t h e   n e a r   f u t u r e  
anyway, we j u s t  w a n t e d   t o  see what  would  happen. 
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FORD: Would  you c l a r i f y  a p o i n t   y o u  made d u r i n g   t h e   p r e s e n t a -  
t i o n   c o n c e r n i n g   t h e   c h a r g e   c h a r a c t e r i s t i c ?   D i d  I u n d e r s t a n d   t h a t  
y o u   g o t  t o  a c o n d i t i o n  on two of t h e   b a t t e r i e s   w h e r e   y o u  were n o t  
h i t t i n g   t h e   v o l t a g e  limit a n d   i n i t i a t i n g   t h e   l o g i c   t o   t e r m i n a t e  
c h a r g e ?  

BRITTING: T h a t  i s  c o r r e c t .  

FORD: Do y o u   u n d e r s t a n d   t h e   p h e n o m e n a   t h e r e ?  Was it a lack 
of a d e q u a c y   i n   t h e   d e s i g n  of t h e  VT s y s t e m ?  I am a s s u m i n g  it is a 
v o l t a g e - t e m p e r a t u r e   c o m p e n s a t i o n .  O r ,  a r e  y o u   a t t r i b u t i n g   t h a t   t o  
a n   a g i n g   p h e n o m e n a   a s s o c i a t e d   w i t h   t h o s e   t w o  ba t t e r i e s?  

BRITTING: I t  is  n o t   a n t i c i p a t i n g   t h e   a g i n g   p h e n o m e n a   o f   t h e  
b a t t e r i e s .  We d e s i g n e d  for  a 90 -day   mi s s ion .  We f e l t  w e  had 
f u l l y   c h a r a c t e r i z e d   t h e   b a t t e r i e s   f o r   t h e   9 0 - d a y   m i s s i o n   a n d   d i d  
n o t ,   i f  I may, s k i p  a b e a t   f o r   c h a r g e   c u t o f f s   d u r i n g   t h e   9 0 - d a y  
m i s s i o n .   I n   f a c t ,   f o r   t h e   f i r s t   s e v e r a l   y e a r s ,  w e  d i d   n o t .  
However, as  time w e n t   o n ,   t h e   v o l t a g e   d i d  become   dep res sed .  We do 
n o t   h a v e   t h e   c a p a b i l i t y   t o   c h a n g e   t h e   v a l u e s   o n   t h e   c h a r g e   c o n t r o l  
l o g i c   e l e c t r o n i c s ,   a n d  s o  now we a re  s t u c k  w i t h   w h a t  we h a v e   g o t  
up t he re .  

FORD: Could   you   comment   on   approximate ly  how o l d  were t h e  
b a t t e r i e s ,   o r  how l o n g   i n t o  t h e  m i s s i i o n   b e f o r e  you saw t h i s ?  

BRITTING: On Lander  2 i t  d i d   n o t   o c c u r   u n t i l   r o u g h l y  6 0 0  d a y s  
a f t e r   l a n d i n g .  On Lander  1 it was more l i k e  9 0 0 ,   9 5 0   d a y s   a f t e r  
l a n d i n g  . 

FORD: I f  I r e m e m b e r   p a s t   p r e s e n t a t i o n s   o n   t h e s e   b a t t e r i e s ,  
t h e y   w e r e   n o t   u s e d   i n   t h e   s p a c e c r a f t   d u r i n g   i n t e g r a t i o n   a n d  
t e s t i n g .  Is t h a t  c o r r e c t ?  

B R I T T I N G :  T h a t  i s  c o r r e c t .  I m i g h t   a l s o   i d e n t i f y   t h e   f a c t  
t h a t   p o s s i b l y   t h e   r e a s o n   f o r   t h e  6 0 0  days   on   Lande r  2 v e r s u s  9 5 0  
on  Lander 1 was t h a t   L a n d e r  2 o p e r a t e d   s i g n i f i c a n t l y   h o t t e r  
t h r o u g h o u t  i t s  e n t i r e   m i s s i o n .  T h a t  might   have   had   some 
c o n t r i b u t i o n .  
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COMPARISON OF DIFFERENT PLATE  TREATMENTS AND DESIGNS, AN UPDATE 
D. Baer 

Goddard   Space   F l igh t   Cen te r  

Nine  packs o f  c e l l s  o f   d i f f e r e n t   d e s i g n s  were p u t   o n  t e s t  a t  
C r a n e .   F i r s t ,   t h e y  were r u n   t h r o u g h   t h e i r   i n i t i a l   e v a l u a t i o n  
tests, a n d   t h e n   t h e y  were p u t  i n t o  a c y c l i n g  t es t .  These were GE 
12A h cel ls .  The temperature was 20 C . ,  t h e   o r b i t  was 90   minutes ,  
t h e   d e p t h   o f   d i s c h a r g e  was 4 0 % ,   t h e   d i s c h a r g e  r a t e  was 9.6A and 
t h e   i n i t i a l   c h a r g e  r a t e  was 9.6A t o  a v o l t a g e  limit where it w e n t  
i n t o  a taper .  The g o a l  was t o   g e t  1 0 0 %  r e t u r n .  The v o l t a g e  limit 
was 1 . 4 5 3 V   t h r o u g h   m o s t   o f   t h e   t e s t i n g ,   a l t h o u g h   r e c e n t l y  we had 
t o   l o w e r  some packs and r a i s e  some t o   h o l d   1 1 5 %  r e t u r n .  

A f t e r   o n e   y e a r ,   o n e  c e l l  f rom  each  pack was removed  and  the 
i n i t i a l   e v a l u a t i o n  t e s t s  was r e p e a t e d .  

(Table   35-1)  

I n  Table 35-1 w e  show a c o m p a r i s o n   o f   t h e  25 C .  v o l t a g e s   a n d  
ampere   hour   capac i ty .  I s h a l l   n o t   g o   i n t o   t h e   d e t a i l s   o f   d e s i g n .  
It  was p r e s e n t e d   i n  a pape r   co -au tho red  by Floyd  Ford   and   myse l f ,  
and Mr. F o r d   p r e s e n t e d  it a t  t h e   F a l l   1 9 7 8   E l e c t r o c h e m i c a l   S o c i e t y  
Meet ing.  It  was a l s o   p r e s e n t e d   i n   t h i s   W o r k s h o p   i n   1 9 7 8   a n d  
1979 .   Tab le   35 -1   con ta ins  a l i s t  o f   t h e   v a r i a b l e s .  The c o n t r o l  
g roup  was e s s e n t i a l l y  G E ' s  b a s i c   p l a t e   d e s i g n s ,   w h i c h   t h e y   h a v e  
b e e n   u s i n g   s i n c e   a b o u t   1 9 7 0 .   T h a t   i n c l u d e d   d e e p   h e a t   t r e a t e d  
p o s i t i v e ,   w h i c h  I d o   n o t   t h i n k  is a s e c r e t  any   l onge r .   The re  i s  a 
l i t t l e  cadmium i n   t h e   p o s i t i v e  p l a t e .  The  second  group was ce l l s  
w i t h   T e f l o n a t e d   n e g a t i v e s ;   t h e   t h i r d   h a d  a s i l v e r  t r e a t ;  t h e  
f o u r t h  were q u i t e   l i g h t l y   l o a d e d  p l a t e s ;  t h e   f i f t h   d i d   n o t   h a v e  a 
PQ t r e a t ;  t h e   s i x t h   g r o u p   h a d   p o l y p r o p y l e n e   s e p a r a t o r s ;   a n d   t h e  
s e v e n t h   a n d   e i g h t h   g r o u p s  were t h e   o l d  p l a t e  d e s i g n s   f r o m   a b o u t  
t h e  l a t e  1960s.  The s e v e n t h   g r o u p   h a d   t h e   o l d   A e r o s p a c e   p r o c e s s e s  
o f   t r e a t i n g   t h e   p l a t e s ,   a n d   t h e   e i g h t h   g r o u p   h a d   t h e   p r e s e n t  
p r o c e s s e s ,   s u c h  as t a k i n g   t h e   n e g a t i v e s  a l l  t h e  way down t o  0.5V, 
a n d   i n c r e m e n t a l   o x y g e n   v e n t i n g   w i t h   p r e c h a r g e .  

The f i r s t  co lumn  shows  the   Crane   pack   number   and   the  s e r i a l  
number o f   t h e  c e l l .  

The n e x t   c o l u m n   s h o w s   t h e   r e m o v a l   c y c l e .  A s  you  can see, most  
of  them a re  removed a f t e r   a b o u t   o n e   y e a r ,   a l t h o u g h   g r o u p  8 had 
c e l l s  removed a t  2459 c y c l e s   a n d   2 0 0 8   c y c l e s .  The r e a s o n   f o r   t h a t  
removal was t h a t   t h e y  were h a v i n g   t r o u b l e   c o n t r o l l i n g   t h e   a m o u n t  
o f   o v e r c h a r g e   b e c a u s e   o f   v o l t a g e   c o n v e r g e n c e ,   a n d  so we had t o  
remove  two c e l l s  a t  t h a t   p o i n t   t o  keep t h e   r e m a i n d e r   o f   t h e  c e l l s  
on t e s t .  These a r e  5 - c e l l  packs, i n c i d e n t a l l y .  



I 

The   nex t   two   co lumns   compare   t he   end   o f   cha rge   vo l t ages  (C/10 
c h a r g e   f o r  24 h o u r s ) .  As you  can see, f o r   t h e   f i r s t   s i x   g r o u p s ,  
t h e r e  is n o t  much d i f f e r e n c e   i n   c o m p a r i n g   t h e  a f te r - tes t  w i t h   t h e  
b e f o r e - t e s t   v o l t a g e s .   F o r   t h e  AK p l a t e  o l d   p r o c e s s e s ,   h o w e v e r ,  
t h e   e n d   - o f   c h a r g e   v o l t a g e  i s  down t o  1 .419V.   These   d ip  peak t o  
a b o u t   1 . 4 6  V, a n d   t h e n   t h e y  j u s t  came down. I am n o t  sure  o f   t h e  
reason .   The  AK p l a t e  p r e s e n t   p r o c e s s e s   h a d   e n d   o f   c h a r g e   v o l t a g e s  
t h a t  were s u b s t a n t i a l l y   i n c r e a s e d .   T h a t   i n d i c a t e s  why w e  a r e  
h a v i n g   t r o u b l e   w i t h   t h e   p e r c e n t a g e   r e t u r n .  

The next   two  columns  show a c o m p a r i s o n   o f   t h e  ampere hour 
c a p a c i t y ,   t h e   i n i t i a l   e v a l u a t i o n  t e s t ,  a n d   e v a l u a t i o n   a f t e r   o n e  
yea r  of t e s t ,  w i t h   t h e  l a s t  c o l u m n   s h o w i n g   p e r c e n t a g e   c h a n g e   i n  
t h e   o n e   y e a r .  As you  can  s ee ,  t h e  c e l l s  w i t h o u t   t h e  PQ t r e a t m e n t  
a re  p e r f o r m i n g   t h e   b e s t .   T h e y   h a d   l o s t   a b o u t   5 . 6 % .   D i s r e g a r d   t h e  
AK p l a t e  p r e s e n t   p r o c e s s e s ,   s i n c e   t h o s e  c e l l s  were removed  with 
l e s s  t h a n  s i x  months   o f  t e s t .  The n e x t   b e s t  a r e  t h e   T e f l o n   a n d  
t h e  AK p l a t e  o l d   p r o c e s s e s .  I m i g h t   a d d   t h a t   t h e  AK p l a t e  d i d   n o t  
h a v e   t h e  PQ t r e a t  e i t h e r .  The c e l l s  t h a t  were d o i n g   t h e   w o r s t  
were t h e   o n e s   w i t h   t h e   p o l y p r o p y l e n e   s e p a r a t o r .   T h e s e  c e l l s  a l s o  
h a d   t h e   h i g h e s t   i n t e r n a l   r e s i s t a n c e ,   a b o u t   4 . 2   m i l l i o h m s .   T h i s  
was m e a s u r e d   a f t e r   o n e   h o u r   o f   d i s c h a r g e .  The o t h e r  c e l l s  r a n g e  
from 3 t o  3 . 7  m i l l i o h m s .  I t  l o o k s  a s  t h o u g h   t h e r e  i s  a problem 
w i t h   d r y i n g   o u t   i n   t h e   p o l y p r o p y l e n e  c e l l s ,  a l t h o u g h   t h e y   d i d  
c o n t a i n   m o r e   e l e c t r o l y t e   t h a n  was u s u a l l y  p u t  i n   t h e   p o l y p r o p y l e n e  
ce l l s .  

(Table   35-2)  

Table  35-2  shows a c o m p a r i s o n   o f   t h e  0 C .  o v e r c h a r g e   v o l t -  
ages .   The   on ly  c e l l s  t h a t   r a n   f o r   t h e   w h o l e  60h o f  t es t  were t h e  
c o n t r o l ,   T e f l o n   a n d   s i l v e r .  The o t h e r  c e l l s  were e i t h e r  termi- 
n a t e d   o w i n g   t o   h i g h   v o l t a g e   ( t h e   c r i t e r i o n  was t h a t   i f   t h e y  
exceeded 1.56V f o r  a 2h p e r i o d ,   t h e y   w o u l d   b e   r e m o v e d )   o r   t o   h i g h  
pressure,  ( t h e  pressure c r i t e r i o n  was 1 0 0  p s i a ) .  I m i g h t   a d d   t h a t  
t h e   o n l y  c e l l s  t h a t   h a d  pressure  gauges  on  them were t h e  l a s t  
t h r e e  c e l l s ,  t h e  AK p l a t e  ce l l s .  There  a re  pressure  gauges  on 
some o f   t h e   o t h e r  c e l l s ,  e x c e p t   t h e y  were n o t  removed  f rom  the 
t e s t  a t  t h i s   p o i n t .  

( F i g u r e   3 5 - 1 )  

On F igure   35 -1   t he   bo t tom a x i s  shows time i n   m o n t h s .  A 
c a p a c i t y  t e s t  i s  r u n  a t  t h e  s i x  month ,   one   year   and   e ighteen   month  
p o i n t s .   T h a t  i s  w h a t   t h e   d a t a   p o i n t s  a r e .  T h e s e   d i s c h a r g e s  were 
done a t  9.6A r a t e ,  and t h i s   g r a p h   s h o w s   d i s c h a r g e   o f  1 V .  The Y 
a x i s  s h o w s   t h e   p e r c e n t a g e   o f   i n i t i a l   c a p a c i t y .   I n  a l l  t h e   p a c k s ,  
e i t h e r  c e l l  no.  1 was t h e   l i m i t i n g  c e l l ,  o r  e l s e  a l l  t h e  c e l l s  
were  coming down t o g e t h e r ,  except f o r   t h e  AK p l a t e  o l d   p r o c e s s e s .  
T h a t   p r o b a b l y   e x p l a i n s   t h i s   i n c r e a s e   o f   c a p a c i t y .  I t h i n k ,   i f  
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t h a t  were t h e   l i m i t i n g  c e l l  i n   t h e   i n i t i a l  case, t h i s   g r a p h   w o u l d  
n o t   h a v e   t h e   t o p   c u r v e ,   a n d   t h e n   y o u   w o u l d   p r o b a b l y   b r e a k   a n d  come 
down t o   t h e r e .  

You m i g h t   a l s o   n o t e   t h a t   t h e s e   n u m b e r s  are t h e  c e l l  number 
t h a t  was -removed  f rom  the pack. The c e l l  t h a t  was removed a f t e r  a 
y e a r  was u s u a l l y   t h e   n o .  1 c e l l  i n   t h e  pack, i n   m o s t  cases. 
T h e r e f o r e ,  a t  t h e   o n e   y e a r   c a p a c i t y   c h e c k ,   t h e r e  are t w o   d a t a  
p o i n t s .  You can  see t h a t   i n  most cases t h e y   f a l l   c l o s e   t o g e t h e r  
b e c a u s e   t h e r e  was a s w i t c h   i n   t h e  c e l l  i n  w h i c h   t h e   c a p a c i t y   c h e c k  
was b e i n g   r u n ,  except f o r   t h e  PQ o r   t h e  non-PQ.  There is  q u i t e  a 
b i t   o f   d i f f e r e n c e   t h e r e ,   a l t h o u g h   t h i s   p o i n t   f a l l s   p r e t t y  much i n  
l i n e .   T h e r e  i s  a l s o   a n o t h e r  pack added .   Th i s  was t h e   n i n t h  pack, 
GE e l e c t r o c h e m i c a l   i m p r e g n a t e d   p l a t e .   I n   f a i r n e s s ,   t h i s  is  one   o f  
G E ' s  e a r l i e r  attempts a t  m a k i n g   t h a t   t y p e   o f  p l a t e .  The c e l l  d i d  
n o t   h a v e  much i n i t i a l   a m p e r e   h o u r   c a p a c i t y ,   s o m e t h i n g  of t h e   o r d e r  
o f  1 1 A  h .   Tha t  i s  n o t   d o i n g  well a t  t h e  s i x  month t e s t ,  a l t h o u g h  
it d o e s   l o o k  a s  i f  it h a s   i m p r o v e d   a f t e r   t h e   o n e - y e a r   c a p a c i t y  
t e s t .  Tha t  i s  l i g h t e r   t h a n   t h e   o t h e r   p a c k s  by a b o u t  s i x  months.  
A s  you  can see ,  t h e   l i g h t - l o a d e d  p l a t e s  a r e  n o t   d o i n g  well  d u r i n g  
t h i s   c a p a c i t y  t e s t  e i t h e r .  Here a g a i n   t h e   p o l y p r o p y l e n e  is t h e  
w o r s t .  

I t h i n k   p r o b a b l y   t h e   m o s t   s i g n i f i c a n t   c o n c l u s i o n   f r o m   t h e s e  
d a t a  i s  t h a t   t h e   p l a t e s   w i t h o u t   t h e  PQ have a much b e t t e r   c a p a c i t y  
down t o  1 V  t h a n   t h e   p l a t e s   t h a t   h a v e   t h e  PQ t r e a t m e n t .   T h a t  may 
a l s o   b e  a r e a s o n   f o r   t h e   n e e d   t o   r e c o n d i t i o n  now, where i n   t h e  
past  t h e r e  was n o t   q u i t e  a s  b i g  a s t r e s s  on it. 

The o t h e r  item of i n t e r e s t  i s  t h a t   t h e   c a p a c i t y  down t o  0.7V 
a t  t h e   o n e   y e a r   p o i n t ,   e v e n  a t  t h e  h i g h e r  r a t e  and  even  though it  
is  c o m i n g   r i g h t  o f f  o f   c y c l i n g ,   c o m p a r e s   f a v o r a b l y   w i t h   t h e   o n e  
y e a r   c a p a c i t y  t e s t  t h a t  was shown  on t h e   p r e v i o u s   c h a r t .  

I d o   n o t   t h i n k   t h e r e  i s  a d i f f e r e n c e  of  more   than   about  0.8A h 
b e t w e e n   t h e  two tes ts .  

DISCUSSION 

KUNIGAHALLI :  Could  you  comment  on the   amoun t  of  t h e   e l e c t r o -  
l y t e ?  I see t h a t   t h e r e  is  a v a r i a t i o n   i n   t h e   a m o u n t   o f   e l e c t r o -  
l y t e   f r o m   o n e   g r o u p   t o   a n o t h e r .  Does i t  h a v e   a n y   i n f l u e n c e   o n   t h e  
pe r fo rmance ,   based  on t h e i r   d i f f e r e n c e   i n   v o l u m e ?  

BAER: I s h o u l d   s a y   t h a t   t h e   o n e s   t h a t   h a v e   m o r e   e l e c t r o l y t e  
u s u a l l y   h a v e  a d i f f e r e n t   t r e a t m e n t   a s s o c i a t e d   w i t h   t h e m ,  l i k e  
T e f l o n   a n d   s i l v e r .   F o r   t h e   c o n t r o l s ,   t h e   T e f l o n   a n d   t h e   s i l v e r -  
t r e a t e d  c e l l s ,  t h e r e   d o e s   n o t  seem t o   b e  much d i f f e r e n c e .  I t h i n k  
y o u   c o u l d   g e t   t h a t  much d i f f e r e n c e   i n  a n o r m a l   d i s t r i b u t i o n   o f   t h e  
p e r f o r m a n c e   o f   t h e  ce l l s .  
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KUNIGAHALLI:  Do you mean t o   s a y   t h a t   t h e r e  is n o   d i f f e r e n c e  
between a T e f l o n a t e d   a n d  a non-Tef lona ted  c e l l ?  

BAER: I t  i s  so s l i g h t   t h a t  I h a t e   t o   d r a w   a n y   c o n c l u s i o n s  a t  
t h i s  s t a g e .   T h a t   m i g h t  show u p  a l i t t l e  l a t e r .  

FORD: I s h o u l d  l i k e  t o  add a c o u p l e   o f   c o m m e n t s   t o   t h e  
p r e s e n t a t i o n .  A s  most   of   you know, t h i s  area o f  c e l l  e v o l u t i o n ,  
which i s  what w e  a re  t a l k i n g   a b o u t   h e r e ,   h a s   b e e n   o f  some c o n c e r n  
t o  u s  a t  Goddard   for  a number o f   y e a r s .   T h a t  is  what  prompted 
t h i s  t e s t  m a t r i x   t h a t  we h a v e   b e e n   f o l l o w i n g   f o r   t h e   b e t t e r   p a r t  
of t h r e e   y e a r s .  

What i s  i n t e r e s t i n g  is t h a t   i n   t h e   e v o l u t i o n   p r o c e s s ,  a l o t   o f  
t r e n d s   h a v e   d e v e l o p e d ,  a l l  of   which  a r e  t r u e  f o r  a g i v e n  c e l l  
d e s i g n .   F o r   i n s t a n c e ,   t h e r e  a re  s t i l l  p e o p l e  who s a y   t h a t   t h e  
t r e n d   i n   d e g r a d a t i o n   o f  c e l l  is  f o r   t h e   o v e r c h a r g e   v o l t a g e   t o  
i n c r e a s e .   T h a t  i s  t r u e  f o r   c e r t a i n   d e s i g n s .   T h e r e  i s  a l s o  a 
t r e n d   f o r   t h e   o v e r c h a r g e   v o l t a g e   t o   d e c r e a s e ,   w h i c h  i s  t r u e  i n  
c e r t a i n   d e s i g n s ,  as  t h e   d a t a   p r e s e n t e d .  

A s  f o r   t h e  a r ea  o f   r e c o n d i t i o n i n g  -- I have  been  working a t  
c e l l  d a t a   s i n c e   1 9 6 6 .  One o f  my f i r s t   a s s i g n m e n t s  when I came t o  
Goddard was t o   f o l l o w   t h e   C r a n e   p r o g r a m   a n d   t o   d o  some a n a l y s i s .  
I n   t h e   c o u r s e   o f   t h o s e   y e a r s ,  I have   accumula t ed  many g r a p h s ,  
c h a r t s ,   d a t a ,  s t a t i s t i c a l  a n a l y s e s .  One t h i n g   t h a t   a l w a y s  
b o t h e r e d  me, f rom  about   1975,  was t h a t  I b e g a n   t o   d e t e c t ,   i n t u i -  
t i v e l y  a t  b e s t ,   t h a t   s o m e t h i n g  was d i f f e r e n t   i n   t h e  c e l l s  we were 
t e s t i n g  a t  a b o u t   1 9 7 0   f r o m   t h o s e  w e  were t e s t i n g   b e f o r e .  Cer- 
t a i n l y ,   t h e   m a i n   c h a r a c t e r i s t i c  was t h e   o v e r c h a r g e   c h a r a c t e r i s t i c  
o f   t h e  c e l l .  We t h o u g h t  we h a d   l e a r n e d   t o  make  b e t t e r  c e l l s  
because  w e  c o u l d  now pass  a low- tempera tu re   ove rcha rge  t e s t  and 
see ce l l s  m a i n t a i n  a f a i r l y   s t a b l e   c h a r a c t e r i s t i c ,   w i t h o u t  
i n c r e a s i n g .   H o w e v e r ,   a n o t h e r   t h i n g   t h a t  came o u t  i s  t h a t   i f  you 
go  back a n d   c o m p a r e   t h e   d e g r a d a t i o n   i n   c a p a c i t y   o f  some o f   t h e  
o l d e r  c e l l s ,  I t h i n k   o n e   t h i n g  is v e r y  c l ea r :  The c e l l s  made  by 
G e n e r a l   E l e c t r i c   d u r i n g   t h e   1 9 6 0 s   d i d   p e r f o r m   q u i t e  wel l  when you 
c o u l d   c y c l e   t h e m   w i t h o u t   h i g h  pressure  w i t h   h i g h   v o l t a g e .  They 
m a i n t a i n e d   c a p a c i t y   q u i t e  well. I f  you  look a t  c e l l s  made s i n c e  
1 9 7 0 ,   p a r t i c u l a r l y   w i t h   t h e   e v o l u t i o n   o f  PQ a n d   t h e   o t h e r   v a r i a -  
b l e s   t h a t   h a v e   b e e n  p u t  i n   t h e  c e l l  s i n c e   t h a t  time -- a l l  of  
w h i c h ,   i n c i d e n t a l l y ,  were an attempt t o   s o l v e  some t y p e   o f   p r o b l e m  
t h a t   m a n i f e s t e d   i t s e l f   f o r   r e a s o n s   t h a t   w e r e   n o t   a l w a y s  c lear  t o  
t h e  user -- you see a h e r i t a g e   o f  c e l l s ,  a p l u r a l  h e r i t a g e ,   n o t  
s i n g l e  ce l l s .  

The c h a l l e n g e   t o d a y  i s  t o   g e t  back t o   t h e   b a s i c s .  From t h e  
d a t a   a n d   f r o m   t h i s  t e s t ,  I h a v e   c o n c l u d e d   o n e   t h i n g :  a pure,  
u n a d u l t e r a t e d   n i c k e l  cadmium c e l l  seems t o   b e   t h e  bes t  t h i n g  w e  
c a n   b u i l d .  I t h i n k  i t  is time t h a t  we s e r i o u s l y   l o o k e d  a t  a l l  
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t h e s e   t h i n g s  w e  h a v e   b e e n   d o i n g   t o  c e l l s ,  and  looked a t  t h e  rami- 
f i c a t i o n s ,   n o t   o n l y   f o r   t h e   s h o r t  term, b u t   a l s o   f o r   t h e   l o n g  
term, as w e  are  t a l k i n g   a b o u t   h e r e .  

I t h i n k  we h a v e   d o n e   t h i n g s   t h a t   h a v e   c o m p r o m i s e d   t h e   l i f e  o f  
t h e  c e l l ,  and i n   d o i n g   t h a t ,  w e  have  come u p  w i t h   f i x e s   t h a t   h a v e  
fu r the r   compromised  c e l l  d e s i g n s .   T h e r e f o r e ,  I c h a l l e n g e   t h e  
m a n u f a c t u r e r s   o f   n i c k e l  cadmium c e l l s  t o   r e a l l y  take a h a r d   l o o k  
a t  what w e  h a v e   d o n e   i n   t h e   1 9 7 0 s   a n d  see i f  w e  h a v e   n o t   l e a r n e d  
s o m e t h i n g   t h a t  may, w i t h  a l l  t h e s e   i m p r o v e m e n t s ,   t u r n  u s  a r o u n d   t o  
t h e   p e r i o d   o f   t h e   1 9 6 0 s   a n d  see what we were d o i n g   r i g h t  as  
a g a i n s t   w h a t  we are  doing   wrong  today .  I t h i n k   t h a t   i f  w e  do  
t h a t ,  w e  a r e  g o i n g   t o   f i n d  a c e l l  i n   t h e   1 9 8 0 s   t h a t   o u t p e r f o r m s  
any th ing   you  are  f l y i n g   t o d a y ,   a n d   p r o b a b l y   o u t p e r f o r m s   t h i n g s  we 
were f l y i n g   i n   t h e   1 9 6 0 s ,   t o o .  

LACKNER: What k i n d   o f   p o l y p r o p y l e n e   d i d   y o u  use, and   d id   you  
h a v e   a n y   p a r t i c u l a r   t r e a t m e n t   f o r  it b e f o r e   y o u r   c h a r a c t e r i z a t i o n ?  

BAER: I t h i n k  I s h a l l   h a v e   t o   r e f e r   t h a t   t o  Guy Rampel. I 
t h i n k  it is  a GAF p o l y p r o p y l e n e .  When I s a i d   p o l y p r o p y l e n e  up 
h e r e ,  I r e c a l l e d   t h a t  I am n o t  s u r e  e x a c t l y   w h a t  it was. I 
b e l i e v e  it was a GAF. . .  

RAMPEL: Yes, it was a GAF. 

BAER: Were t h e r e   a n y  special  t r e a t s ?  

RAMPEL: Not t h a t  I know. 

LACKNER: There  is  g r e a t   v a r i a b i l i t y   i n   p o l y p r o p y l e n e   d e p e n d -  
ing   upon   t he  a i r  p e r m e a b i l i t y ,   t h e   w e t t i n g   a g e n t s   y o u   h a v e ,  e t c ,  
SO t h a t  y o u   c a n   g e t   d i s a s t r o u s  r e s u l t s  i n   o n e   d a y ,  or you   can   run  
it f o r   t e n   y e a r s ,  l i k e  some o f  t h e   A l o u e t t e  c e l l s .  

BAER: I t h i n k   t h i s  was some m a t e r i a l   t h a t  was l e f t   o v e r   f r o m  
ano the r   p rog ram  where   t he  c e l l s  d i d  seem t o  d o   v e r y  well. I am 
n o t   s u r e   o f  a l l  t h e   t r e a t m e n t s .  

LACKNER: You would  have t o   s a y   t h a t   p o l y p r o p y l e n e  i s  a good 
mater ia l  i f  i t  is u s e d   p r o p e r l y ?  

BAER: Yes. 

I 

HELLFRITZSCH: A f t e r  Mr. F o r d ' s  comment t h e r e ,   o n e   t h i n g   t h a t  
has   been   runn ing   t h rough  my m i n d ,   t o o ,  is whether   one   could   go  
back t o   t h e  way, s a y ,   t h a t   J u n g e r  made n i c k e l  cadmium b a t t e r i e s ?  
Did   t hey   have  a l l  t h e s e   t r o u b l e s   i n   c y c l e   l i f e ?   T h e y   a l w a y s   h a d  
t h e   r e p u t a t i o n   o f   b e i n g   u s e d   f o r   e v e r ,   a n d   a n y  time you  wanted t o  
u s e  them, if they   had   been   dead , '   you   j u s t   cha rged   t hem u p  a g a i n  
and  you  had a g o o d   b a t t e r y .  
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It  c o u l d  well be, t h o u g h ,   t h a t   t h o s e  a re  a l l  v e r y   b u l k y   a n d  
v e r y   h e a v y ,   a n d   t h e   t h i n g   y o u   h a v e   f o r c e d   t h e   i n d u s t r y   t o   d o  i s  t o  
m a k e  t h e m   v e r y   l i g h t ,   e s p e c i a l l y  when y o u   g o   i n t o  space. There-  
f o r e ,   y o u   i n h e r i t  a l o t   o f   p r o b l e m s   t h a t   J u n g e r ,  I am sure,  d i d  
n o t   h a v e .  You may b e   a s k i n g   f o r   s o m e t h i n g   t h a t  is g o i n g   t o   b e  
v e r y   d i f f i c u l t   t o   u n t a n g l e   b y   s a y i n g   t h a t  w e  s h o u l d  g e t  away f rom 
t h e   p r o b l e m s   t h a t  w e  a re  i n h e r i t i n g  as  we go   on .  

FORD: We are  a l w a y s   a s k i n g   f o r   l i g h t e r   w e i g h t .   H o w e v e r ,   t h e  
u l t i m a t e  i s  r e l i a b i l i t y :   s o m e t h i n g   t h a t  w i l l  work  and  something 
t h a t  w i l l  d o   t h e   m i s s i o n .  I was i n t r i g u e d   y e s t e r d a y   w i t h   t h e  
accelerated t e s t  d i s c u s s i o n .   I n   e v e r y  case, when you t a l k  a b o u t  
r e l i a b i l i t y  you a re  t a l k i n g   a b o u t  a c e l l  i n  a b a t t e r y   t h a t ,  re la-  
t i v e l y   s p e a k i n g ,  i s  a f a i r l y  small c o s t   o f   t h e   w h o l e   m i s s i o n ,   a n d  
y e t  it is u s u a l l y   o n e   o f   t h e  weakest e l e m e n t s   i n   t h e   m i s s i o n   i n  
terms o f   b e i n g   a b l e   t o   f u l l y   c o m p l e t e   t h e   m i s s i o n   o b j e c t i v e s .  I 
t h i n k  we have  a c h a l l e n g e   b e f o r e   u s   t o   g e t   b o t h   r e l i a b i l i t y   a n d  
l i g h t   w e i g h t .   H o w e v e r ,  I r e c o g n i z e   t h a t   t h e y  are  n o t   a l w a y s  
c o m p a t i b l e .  

I h o p e   t h a t   i n   t h e  pas t  d e c a d e ,  w e  have   l ea rned   someth ing   f rom 
a l l  t h i s ,   a n d   t h a t   w i t h   t h i s   b a c k g r o u n d  w e  c a n  now take a h a r d  
look  a t  t h e  fundamen ta l s .   The re  is n o t h i n g   w r o n g   w i t h   s i n t e r e d  
p l a t e  n i c k e l  cadmium ce l l s .  I t  i s  what we a re  d o i n g   t o   t h e m   a f t e r  
we m a k e  t h e  p l a t e s  t h a t  appears t o  be where   t he   p rob lems  are .  

HENDEE: I h a v e   h a d   a n   i n c r e a s i n g   f e e l i n g   o v e r   t h e  l a s t  f e w  
y e a r s   t h a t  maybe w e  s h o u l d   n o t  be b l a m i n g   t h e  c e l l  m a n u f a c t u r e r s  
f o r   d e c r e a s i n g   p e r f o r m a n c e ,  l i f e ,  e t c ;  t h a t   p e r h a p s  it is  d u e   t o  
t h e  r e q u i r e m e n t s   t h a t  we a re  p u t t i n g   o n   t h e m   f o r   b e g i n n i n g  o f  l i f e  
per formance .  I c a n   t h i n k   o f  a t  l eas t  t w o   t h i n g s   t h a t  we d o   n o t  
need a t  t h e   b e g i n n i n g   o f   l i f e .   I f  we w a n t   t o   e n d   u p   t e n   y e a r s  
l a t e r  w i t h   a n  adequate c e l l ,  we s h o u l d   s t o p   d e s i g n i n g   f o r   b e g i n -  
n i n g   o f   l i f e   p e r f o r m a n c e   w h e r e  w e  d o   n o t   n e e d  it. I c a n   t h i n k   o f  
a v a r i e t y   o f   t h i n g s .   I f  we are  g o i n g   t o   g o   a l o n g   w i t h   n y l o n  
s e p a r a t o r s ,  w e  d o   n o t   r e a l l y   n e e d  a l l  t h e   p r e c h a r g e   i n   t h e  c e l l  a t  
t h e   b e g i n n i n g   o f   l i f e .  We are  g o i n g   t o   g e t  i t  a t  t h e   e n d   o f   l i f e  
anyway,  more  than we want. Why are we p u t t i n g   t h e  cadmium i n   t h e  
p o s i t i v e  a t  t h e   b e g i n n i n g   o f  l i f e ?  I t  i s  g o i n g   t o   g e t   t h e r e  when 
w e  need it, more   than  we w a n t .   S e v e r a l   o t h e r   f a c t o r s   t h a t  we a re  
impos ing   upon  the  c e l l  m a n u f a c t u r e r s  a r e  d e c r e a s i n g   t h e   l i f e   o f  
t h e  ce l l s .  

HALPERT: I s h o u l d  l i k e  t o   b e l i e v e   t h a t ,   b u t  I s h o u l d   h a v e   t o  
s a y   t h a t   i n  my d e a l i n g s   w i t h   m a n u f a c t u r e r s ,  we a r e  t o l d   w h a t  is 
g o i n g   i n t o   t h e  p l a t e s ,  no t   wha t  w e  c a n   h a v e   i n   t h e  p l a t e s ,  i n  
g e n e r a l ,  because it meets t h e   m a n u f a c t u r e r ' s   p r o g r a m  or r e q u i r e -  
ment. I t  i s  v e r y   d i f f i c u l t   t o  work w i t h   t h e m   t o  m a k e  t h a t   k i n d   o f  
a change .  I c a n   u n d e r s t a n d   t h e i r   f e e l i n g   i n   t h a t   r e g a r d .   T h e y  a re  
d o i n g  i t  f o r  a whole   p rocess .   They  a re  n o t   d o i n g  i t  j u s t  f o r  u s .  
To t u r n   a r o u n d   t h e i r   w h o l e   m a n u f a c t u r i n g   o p e r a t i o n  i s  maybe q u i t e  
d i f f i c u l t   f o r   t h e m .   T h e r e f o r e ,  i n  a l o t   o f  cases where we d o   n o t  

376 



want PQ, w e  d o   n o t   h a v e   a n y   c h o i c e .   I n   o t h e r  cases where we 
s h o u l d  l i k e  t o   l e a v e  some t h i n g s   o u t ,  w e  d o   n o t   h a v e   a n y   c h o i c e  
e i t h e r .  I am n o t  s o  s u r e   t h a t  w e  have  much c o n t r o l ,   u n l e s s  w e  
h a v e   e n o u g h   d a t a   t o   b e   a b l e   t o  t e l l  them t o  keep mater ia l  o u t .  

HENDEE: I t e n d   t o   a g r e e   w i t h   y o u ,   w i t h   t h e   e x c e p t i o n   t h a t   t h e  
m a n u f a c t u r e r   d o e s   h a v e   t o   g o   t o  PQ b e c a u s e   o f   t h e   b e g i n n i n g   o f  
l i f e   r e q u i r e m e n t s   t h a t  w e  are  imposing  upon  them.  There are  o t h e r  
ways o f   l o o k i n g  a t  t h i s .  I t h i n k   y o u   c o u l d  j u s t  as e a s i l y  s e t  up 
o t h e r   r e q u i r e m e n t s .  As o p p o s e d   t o   e l e c t r o c h e m i c a l   t e s t i n g ,   y o u  
cou ld   do  a g r e a t e r   c h e m i c a l   a n a l y s i s .  I h a v e   f o u n d   t h a t   t h e  
m a n u f a c t u r e r s   g e n e r a l l y   g i v e   u s   w h a t  w e  a s k  f o r .  

FORD: I a g r e e   w h o l e h e a r t e d l y   w i t h   t h e   p o i n t   t h a t   y o u  a r e  
making i n   p r i n c i p l e .  For i n s t a n c e ,  it is  my u n d e r s t a n d i n g   t h a t  PQ 
was b r o u g h t   a b o u t   i n d e e d   t o   i m p r o v e   t h e   p e r f o r m a n c e   o f   t h e  c e l l  a t  
h i g h   t e m p e r a t u r e ,   n a m e l y   t o   c a p a c i t y  a t  35.  I f  you  go  back  and 
look  a t  t h e   i n i t i a l   e v a l u a t i o n   d a t a ,  it indeed   does   accompl i sh  
t h a t .  However, t h i s   e v o l u t i o n   p r o c e s s   t h a t  w e  have   gone   th rough 
is v e r y   i n t r i g u i n g .  For once  w e  a r e  g e t t i n g   d a t a   r e c o r d e d   i n  
h i s t o r y   b o o k s   a n d   w o r k s h o p s ,   s u c h   t h a t  w e  can  reexamine  what  we 
h a v e   b e e n   d o i n g   t o   o u r  c e l l s .  I d i d  n o t   s t a n d  u p  t o   p o i n t  a 
f i n g e r  a t  t h e   m a n u f a c t u r e r  per se.  I t h i n k  we are  a l l  e q u a l l y  
g u i l t y   o f   t h i s  crime t o   t h e   n i c k e l  cadmium c e l l .  

HENDEE: I am n o t   d i s a g r e e i n g   w i t h   y o u ,   b u t  l e t  me m a k e  one 
o t h e r   o b s e r v a t i o n .   G o i n g   h a n d   i n   h a n d   w i t h  c e l l  d e s i g n  is manage- 
ment.  We n e e d   p r o p e r   d e s i g n   o f   t h e  c e l l ,  and I am n o t   t a l k i n g  
a b o u t   b e g i n n i n g   o f   l i f e   d e s i g n ,   b u t   e n d   o f   l i f e   d e s i g n .   I f   t h e r e  
a r e  some s h o r t c o m i n g s  a t  t h e   b e g i n n i n g ,  we h a d   b e t t e r  c r ea t e  t h e  
p rope r   env i ronmen t .   Tha t  i s  p a r t  o f  c e l l   l i f e t i m e ,  and w e  had 
b e t t e r  c rea te  t h e   m a n a g e m e n t   t e c h n i q u e s   t o   h a n d l e   t h e m   c o r r e c t l y .  
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RCA SATCOM I N - O R B I T  EXPERIENCE 
D. Stewart 

RCA 

I shou ld  l i k e  t o   p r o v i d e  a b r i e f   u p d a t e   o n  RCA S a t c o m   i n - f l i g h t  
b a t t e r y   p e r f o r m a n c e .  We have  made p r e s e n t a t i o n s   o f   t h i s   s o r t   i n   t h e  
pas t ,  a n d   n o t  much h a s   r e a l l y   h a p p e n e d   s i n c e   t h e  l a s t  y e a r .  How- 
e v e r ,  I f e e l  it is  i m p o r t a n t   t h a t  we d o   t h i s   f o r  two   r easons :   one  
is  t h a t  we h a v e   r e a c h e d   f i v e   y e a r s   f o r   b o t h   s p a c e c r a f t ,   a n d   f i v e  
y e a r s   a n d   s i x   y e a r s   h a v e   b e e n  c r i t i c a l  i n  many o t h e r  space programs:  
a n d   t h e   o t h e r  i s  t h a t  we have  made p r e s e n t a t i o n s   o v e r   t h e  l a s t  f o u r  
y e a r s ,   a n d   i f  we were t o   s t o p ,  some p e o p l e   m i g h t   g e t   t h e   i d e a   t h a t  
o u r   b a t t e r i e s   h a v e   t a k e n  a t u r n   f o r   t h e   w o r s e .  

I s h o u l d  l i k e  t o   p o i n t   o u t  some a s p e c t s   o f   t h e   b a t t e r y   d e s i g n  
a n d   h i s t o r y .  Our F 1  s p a c e c r a f t  was launched   in   1975,   which   means  
we h a v e   h a d   a b o u t   f i v e   y e a r s .  F2 was l a u n c h e d   i n  March  1976, 
wh ich   means   t ha t  we h a v e   h a d   a l m o s t   f o u r   a n d   t h r e e - q u a r t e r   y e a r s .  

I was h o p i n g   t o   h a v e   d a t a   f r o m   a n  F3 s p a c e c r a f t   h e r e ,   b u t  w e  
seem t o   h a v e   m i s p l a c e d   o u r   s p a c e c r a f t .   I f  we e v e r   f i n d  i t ,  I 
s h a l l   g i v e  you  an  update.   For F 1  a n d   F 2 ,   t h e   b a t t e r y   s y s t e m s  were 
t h e  same d e s i g n .  We h a v e   t h r e e  b a t t e r i e s  o f  p a r a l l e l  c o n n e c t e d ,  
d i o d e   c o n n e c t e d .  A l l  t h r e e  a r e  e s s e n t i a l   f o r   s u p p o r t i n g   t h e  
mis s ion .   The re  are  2 2   n i c k e l  cadmium GE c e l l s  i n   e a c h   b a t t e r y ,  
12A h rated ( m e a s u r e d   c a p a c i t y ) ,   i n i t i a l   c a p a c i t y  i s  1 4 A  h ,   a n d  
t h e y  a re  i n  1 0 A  h cases. We h a v e   t h r e e   c h a r g e  ra tes .  There  is a 
C/20 c h a r g e  r a t e ,  which w e  u s e  f o r  ecl ipse s e a s o n s ,   a n d   f o r  
r e c h a r g i n g   a f t e r   p l a n e   c h a n g e   m a n e u v e r s   d u r i n g   t h e   s o l s t i c e  
p e r i o d .  We have  a h i g h  C / 1 0  c h a r g e  r a t e ,  which we u s e  f o r   b a t t e r y  
r e c o n d i t i o n i n g   a n d   e m e r g e n c y   s i t u a t i o n s .   D u r i n g   t h e   s o l s t i c e  
p e r i o d s  when t h e   b a t t e r i e s  a r e  i n   s t o r a g e ,  w e  have  a C/60 t r i c k l e  
ra te .  We a l s o   h a v e  a v o l t a g e  temperature taper curve ,   which  is 
used f o r   t h e  C / 1 0  c h a r g e  r a t e .  The y e a r l y   a v e r a g e   t e m p e r a t u r e  is 
a b o u t   1 2  C .  We d o  see peak temperatures ove r  30 C i n   t h e  summer 
f o r   v e r y   b r i e f   p e r i o d s   f o r  j u s t  two  days,   and w e  d o   g e t  down t o  
a b o u t  1 or 2 C .  However ,   on  average,  we s t a y   b e t w e e n  2 and   15  C.  
F o r   r e c o n d i t i o n i n g ,  w e  h a v e   i n d i v i d u a l  1 ohm r e s i s t o r s   o n   e a c h  
c e l l ,  and w e  r e c o n d i t i o n  down t o  Q . 1 V  p e r  c e l l .  

( F i g u r e   3 6 - 1 )  

Whi l e   on   t he  s u b j e c t  o f   r e c o n d i t i o n i n g ,   F i g u r e   3 6 - 1   s h o w s   t h e  
h i s t o r y   o f   o u r   b a t t e r y   r e c o n d i t i o n i n g ,   a n d  it i s  best  fo r   showing  
t r e n d s .  The f i r s t   c u r v e   s h o w s   t h e   f i r s t   r e c o n d i t i o n i n g   c y c l e ;  i t  
is i n t e r e s t i n g   t o   n o t e   t h e   h i g h   v o l t a g e   f o r   t h e   f i r s t   r e c o n d i t i o n -  
i n g .   F o r   t h e   f i f t h   a n d   t e n t h   r e c o n d i t i o n i n g ,   t h e   v o l t a g e s  
r e m a i n e d   a b o u t   t h e  same. You do see e f f e c t s  of a g i n g   h e r e ,   a n d  w e  
a r e  s e e i n g  a f l a t t e n i n g   o n   t h e   n e a r   c u r v e .   H o w e v e r ,   f o r   t h e  

379 



p o r t i o n   o f   t h e   b a t t e r y  w e  are  u s i n g ,   w h i c h  w i l l  c o r r e s p o n d   t o  
a b o u t   e i g h t   h o u r s   o f   d i s c h a r g e ,   v o l t a g e s  seem t o   r e m a i n   p r e t t y  
f l a t  . 

For   comple teness ,  I have  da ta  f o r   o u r  F2 s p a c e c r a f t .  

( F i g u r e   3 6 - 2 )  

F i g u r e  36 -2   shows   cu rves   f rom  ba t t e ry   no .  1 o n   t h e  F2 space- 
c r a f t .  The o t h e r  ba t t e r i e s  are  q u i t e  similar.  I h a v e   o n l y  shown 
t h e   s e v e n t h   a n d   n i n t h   r e c o n d i t i o n i n g   c y c l e s   h e r e  because on F2 f o r  
t h e   f i r s t   t h r e e   y e a r s   o f  l i f e ,  we had a d a i l y  2 8 %   d e p t h   o f  d i s -  
cha rge   and  we w o u l d   d o   o u r   d i s c h a r g e   a n d   s t a r t   r e c o n d i t i o n i n g   f r o m  
t h e r e .   T h i s   2 8 %   d a i l y   d e p t h   o f   d i s c h a r g e  was d u e   t o  a problem we 
h a d   w i t h   o u r   s o l a r   a r r a y .  We had   b lockage ,   wh ich   p reven ted  it 
f r o m   r o t a t i n g   3 6 0   e v e r y   d a y .  I t  is a S u n - t r a c k i n g   a r r a y ,   a n d  so 
we had t o  reverse it. For t h i s   p e r i o d  when we r e v e r s e d   t h e   s o l a r  
a r r a y s ,  w e  had t o   g o  o n   b a t t e r i e s .  We h a v e   s i n c e   s t o p p e d   d o i n g  
t h a t   r e w i n d   p r o c e d u r e ;   t h e   p r o b l e m   h a s   c o r r e c t e d   i t s e l f .  Now we 
s t a r t  f r o m   f u l l   c h a r g e   o n   t h e   b a t t e r i e s . b e f o r e   r e c o n d i t i o n i n g .  
Those   cu rves   show  t r ends   and  are  more q u a l i t a t i v e   t h a n   q u a n t i -  
t a t i v e .  

(Table 36-1) 

Table  36-1   shows  the  RCA Satcom minimum a v e r a g e   b a t t e r y   v o l t -  
a g e s   d u r i n g  eclipse.  T h i s  minimum d o e s   n o t   a l w a y s   o c c u r   o n   t h e  
e q u i n o x   ( t h e   2 1 s t  of t h e   m o n t h ) :  i t  may o c c u r   s e v e r a l   d a y s  a f te r -  
wards .   The   fou r th   co lumn  shows   t he   ave rage   vo l t age ,   wh ich  i s  t h e  
a v e r a g e   o f   t h e  three b a t t e r i e s .  What we h a v e   d o n e   d i f f e r e n t l y  
from pas t  y e a r s  i s  t o  take t h e   v o l t a g e s   s e e n   o n   b o t h   o u r   t e l e m e t r y  
u n i t s   a n d   t o   a v e r a g e   t h e m .   I n   t h e  p a s t ,  i n   o n e   y e a r  we might  t ake  
it f r o m   o n e   t e l e m e t r y   u n i t ,   a n d   t h e   n e x t   y e a r   t h e   o t h e r   t e l e m e t r y  
u n i t .  Then we had q u i t e  a b i t   o f   v a r i a t i o n   a n d  a l o t   o f   s c a t t e r  
i n   t h e  da t a .  We have  done  some  averaging  and w e  g e t  much bet ter  
c u r v e s .   T h e r e  i s a  b i g  j u m p  i n   t h e   v o l t a g e   a f t e r   t h e   s i x t h  
ec l ipse  s e a s o n .  I have  shown t h a t   g r a p h i c a l l y   i n   F i g u r e  36-3. 

( F i g u r e   3 6 - 3 )  

We have  c e l l  v o l t a g e s   o n   t h e   o r d i n a t e .  We h a v e   t a k e n   t h e  
b a t t e r y   v o l t a g e s  , d i v i d e d   b y  22 f o r   2 2  c e l l s ,  and i f  you   l ook  a t  
t h e   l i n e   f o r  F 1 ,  i t  seems t o   b e   p r e t t y   c o n s i s t e n t .  I t  i s  decreas- 
i n g   s l o w l y ,   b u t   t h e  d a t a  seem t o  be p r e t t y   s m o o t h .  For F2, as I 
ment ioned ,  we h a d   d a i l y   2 8 %   d e p t h   o f   d i s c h a r g e   a n d  we may n o t   h a v e  
b e e n   f u l l y   c h a r g i n g  it b e f o r e   e a c h  of t h e   d e p t h s .  Also, a f t e r   t h e  
s i x t h  ecl ipse s e a s o n  we l o s t  t w o   t r a n s p o n d e r s ,   w h i c h   a c c o u n t s   f o r  
a b o u t  5% o f   o u r   l o a d .  We a l s o   p e r f o r m e d   t h e   d o u b l e   r e c o n d i t i o n i n g  
a f t e r   t h e   s i x t h  ec l ip se  s e a s o n .   T h u s ,   s e v e r a l   t h i n g s  were g o i n g  
on there .  The h i g h   v o l t a g e  may be d u e  t o   t h e   d o u b l e   r e c o n d i t i o n -  
i ng .  We s h a l l   h a v e   t o   g e t  some  more d a t a   b e f o r e  we make  any  more 
c o n c l u s i o n s .  
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Our p r e d i c t i o n   h e r e  was based on   Crane  d a t a ,  and it is based 
on packs 209A ( a t  20 C )  and 207A ( a t  0 C ) ,  which had 6 0 %  d e p t h   o f  
d i s c h a r g e .  I h a v e   a l s o  shown our  minimum v o l t a g e   c u t o f f   a n d ,  
u n l e s s  we see a n y t h i n g   c a t a s t r o p h i c  here,  w e  h a v e   g o t  a l o n g  way 
t o   g o   b e f o r e  we reach t h a t .  

( F i g u r e  3 6 - 4 )  

Another  measure w e  h a v e   o f   b a t t e r y   p e r f o r m a n c e  is c u r r e n t  
s h a r i n g .   F i g u r e  36-4  shows a p l o t   o f   s e v e r a l   t h i n g s .  We have 
d i s c h a r g e   c u r r e n t   n e a r   t h e   e n d   o f   d i s c h a r g e .  The c u r r e n t   s h a r i n g  
seems t o  be p r e t t y   c l o s e ;  it is  w i t h i n  1 . 5 %  o f   t h e   a v e r a g e .   I f  I 
had t o  do t h i s  o v e r   a g a i n ,  I s h o u l d   p l o t   t h e m   o n   o n e   v o l t a g e  
here. We a l s o   h a v e  a p l o t   o f   t h e  temperature. 

For   comple teness ,  I h a v e   t h e  same da ta  f o r  t h e  F2 s p a c e c r a f t ,  
which  shows  even be t te r  c u r r e n t   s h a r i n g .  

( F i g u r e  36-5 )  

D I S C U S S I O N  

HALPERT: Can y o u   g i v e  u s  t h e   a p p r o x i m a t e   a g e  or time when 
these c e l l s  were manufac tu red?  

STEWART: M r .  Gaston?  

GASTON: They were f l o w n   i n  December 1 9 7 5 ,  and I t h i n k  t h e y  
were b u i l t   i n  Summer 1 9 7 4 .  The dep th  o f   d i s c h a r g e  i s  a b o u t  50" 
5 5 % .  
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R U  5ATCOll Hlnl l lUH A Y E R A G E  O A l l E R l  VOLTAGE O U R l H G  ECLIPSE 

( A L L  VALUES  ARE I H  YOLTS) 
ECLIPSE 

5 C A S O l l  1- SAlCOll F I  I- ShlCOH F2-1 

1 

2 

3 

1 

5 

6 

7 

8 

9 
10 

V 

8AT l .   1  

26 .56  

26 .21  

26 .26  

26.26 

26 .20  

26.13 

2 6 . 0 5  

26.01 

26.09 

25.92 

V 

BATT. 2 

26.71 

2 6 . 3 5  

26.42  

26.42 

26 .40  

26.29 

26 .21  

26.23 

2 6 . 1 3  

26.29 

BATT. 3 
v83 'nvc 

26.15  26.57 

26.47 26.36 

26.27 26.12 

26.27 26.31 

26 .25  2 6 . 2 9  

2 6 . 1 1  26.18 

26.18 26.16 

26.08 26.12 

26.17 26.19  

2 6 . 1 3  26 .06  

(YAVG i 221 

vAVG/CELL 

1 .208 

1 .199 

1 .196  

1.196 

1 . 1 9 1  

1.190 

1.189 

1 .187 

1.191 

1.184 

V 

8ATl .  1 

26 .61  

26.36  

25 .97  

25.97 

25 .81  

25.81 

2 6 . 4 6  

26.36 

26.24 

V 

8ATT. 2 

26.18 

2 6 . 1 0  

25.99  

25.93 

25.78 

25 .75  

25 .38  

26.22 

25.99 

B A T T .  3 
y o 1  VAVG 

26.12 2 6 . 5 0  

26.11 26.22 

2 5 . 9 0  2 5 . 9 5  

25.90 2 5 . 9 1  

25.75 25.78 

25.75 25.77 

26 .11  26.38 

26.11 26.23 

2 6 . 1 0  2 6 . 1 1  

YAYGICfLL 

1 .205  

1 . 1 9 2  

1.100 

1.179 

1.172 

1.171 

1 . 1 9 9  

1.192 

1.187 

Table 36-1 
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Figure  36-1 

Figure  36-2 
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A I R  FORCE  NICKEL HYDROGEN CELLS 
D. Warnock 

A i r  F o r c e   A e r o p r o p u l s i o n   L a b o r a t o r y  

I s h o u l d  l i k e  t o  show F i g u r e   3 7 - 1 ,   w h i c h   g i v e s   a n   o v e r a l l  
p i c t u r e   o f   t h e  A i r  Fo rce   n i cke l   hydrogen   deve lopmen t   p rog ram  f rom 
i ts  o r i g i n s   i n   1 9 7 2   t o   t h e   p r e s e n t ,   a n d   i n d i c a t e  some o f   t h e  
t h i n g s   t h a t  w e  are  l o o k i n g   t o   i n   t h e   f u t u r e .  

( Figure  37-1 ) 

We s t a r t e d  work i n   1 9 7 2   w i t h   e x p l o r a t o r y   d e v e l o p m e n t ,   w h i c h  
went   th rough  about   1976.  A l l  t h a t   e f f o r t   h a s   b e e n   d e v o t e d   t o   t h e  
d e v e l o p m e n t   o f , a   3 . 5 i n   d i a m e t e r ,   n o m i n a l  15A h c e l l ,  which  went  
i n t o   a d v a n c e d   d e v e l o p m e n t   i n   1 9 7 6   a n d  i s  still i n   a d v a n c e d   d e v e l -  
opment.  The  program w i l l  be   winding  down n e x t   y e a r .  It  was done 
by  Hughes A i r c r a f t .  Up t o   t h e   p r e s e n t ,   p r a c t i c a l l y  a l l  ou r  
e f f o r t s   h a v e   b e e n   d e v o t e d   t o w a r d s   t h i s   o n e  c e l l  d e s i g n .  

We a r e  now i n  a t r a n s i t i o n   p e r i o d   w h e r e  w e  s h a l l  be b r a n c h i n g  
i n  a b o u t   t h r e e   d i f f e r e n t   d i r e c t i o n s .  The f i r s t   t h i n g  is manufac- 
t u r i n g   t e c h n o l o g y .   T h a t   p r o g r a m  w i l l  be aimed m a i n l y  a t  a s s e s s i n g  
t h e   d e s i g n   o f   t h e   p r e s e n t   3 . 5 i n  diameter c e l l  t o  improve i t s  
manufac ture   and  reduce c o s t s .  Of a l l  o f   t h e   p r o g r a m s   t h a t   t h e  A i r  
F o r c e   h a s   b e e n   d o i n g ,   t h a t  is t h e   o n l y   o n e   t h a t  w i l l  n o t   b e   d o n e  
b y   t h e   p r o p u l s i o n  l ab .  Manufac tur ing   technology  programs are  
r u n   b y   t h e  A i r  Fo rce  Materials Lab,  which is a l s o  a t  Wr igh t  
P a t t e r s o n .   T h i s   p r o g r a m  w i l l  b e   n o   e x c e p t i o n .   T h e   e v a l u a t i o n   h a s  
been  done.  I expect t h e   c o n t r a c t   t o   b e  l e t  b e f o r e   t h e   e n d   o f   t h e  
y e a r .  

About a y e a r   a g o ,  w e  a l s o   w e n t   i n t o   e x p l o r a t o r y   d e v e l o p m e n t   o n  
common p r e s s u r e   v e s s e l   n i c k e l   h y d r o g e n   m o d u l e s .   T h i s  i s  a two 
year   program,  and we a r e  a l i t t l e  ove r   ha l fway   t h rough .  The 
c o n c e p t  is  t o   p u t  a number o f   n i c k e l   h y d r o g e n  c e l l s  i n t o   o n e  
pressure v e s s e l .   T h e r e  i s  a v e r y   m o d e s t   a d v a n t a g e   i n  terms o f  
w e i g h t   e n e r g y   d e n s i t y ,   b u t  a s u b s t a n t i a l   a d v a n t a g e   i n   b o t h   v o l u m e  
e n e r g y   d e n s i t y   a n d   c o s t .  I s h a l l   n o t   d w e l l   o n   t h a t   t o o  much  now, 
because D r .  Ho l l eck   o f  E I C  C o r p o r a t i o n  w i l l  b e   g i v i n g  a p r e s e n t a -  
t i o n   o n   t h e  s ta tus  o f   h i s  work  on t h a t   p r o g r a m  l a t e r  t h i s   a f t e r -  
noon. 

The t h i r d   t h i n g   t h a t  we a re  l o o k i n g  a t  is a 4 . 5 i n   i n d i v i d u a l  
pressure v e s s e l ,  a l a r g e r   d i a m e t e r  c e l l .  We c a l l  t h a t  a l a r g e  
c a p a c i t y  c e l l  program.   F igure   37-1   shows a scaleup of t h i s   d e s i g n  
t o  a l a r g e r  diameter t o   g i v e  u s  a wide r   r ange  of c a p a c i t y .   T h e  
c a p a c i t y   r a n g e   o n   t h e   l a r g e r   d i a m e t e r  c e l l  s h o u l d   e x t e n d   u p   t o  
a b o u t  150A h.  The s t a t u s  of t h a t  work a t  p r e s e n t  i s  t h a t  w e  
i s s u e d  a d r a f t  RFP t h i s  summer ,   and   ob ta ined   r e sponses   f rom a 
number o f  companies .  We had  hoped t o  come o u t   w i t h  a f o r m a l  RFP 
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t h i s   f a l l ,   b u t   t h e   p r o g r a m   h a s   b e e n   h e l d   u p .  The space d i v i s i o n  
t h a t   f u n d s   o u r   a d v a n c e d   d e v e l o p m e n t   p r o g r a m s   h a s   h a d  a number of 
q u e s t i o n s   a b o u t   t h e  impact o f   l a r g e   c a p a c i t y  ce l l s  i n  terms o f  
c o s t   a n d   r e l i a b i l i t y   a n d   w e i g h t ,   a n d   t h e y   h a v e  kept  u s   b u s y   d o i n g  
s t u d i e s ,   a n d   a n s w e r i n g   q u e s t i o n s   r e l a t e d   t o   t h e  impact o f  large 
c a p a c i t y  ce l l s .  We are  h o p i n g   t o   f i n i s h   t h a t  l a t e r  t h i s   c a l e n d a r  
y e a r .  We e x p e c t   t o   h a v e  a f o r m a l  RFP o u t  some time a f t e r   t h e  
f i r s t   o f   t h e   y e a r .  

The l a s t  t h i n g  shown i n   F i g u r e   3 7 - 1  is n o t   a c t u a l l y  a p l a n n e d  
program.   That  is why it is  dashed .  It s i m p l y   i n d i c a t e s   t h a t  i f  
y o u   h a v e   d o n e   t h e   l a r g e   c a p a c i t y   p r o g r a m   a n d   i f   y o u   h a v e   s u c c e s s -  
f u l l y   d o n e   t h e  common p r e s s u r e   v e s s e l   p r o g r a m ,   t h o s e   t w o   p r o g r a m s  
t a k e n   t o g e t h e r   i m p l y   t h a t   y o u   c o u l d  b u i l d  a l a r g e   c a p a c i t y  common 
pressure v e s s e l .  I t h i n k  we are  g e t t i n g  a l i t t l e  ahead   o f   ou r -  
s e l v e s  now, because t h i s   f e a s i b i l i t y   s t u d y   h a s   n o t   b e e n   c o m p l e t e d  
ye t .   Howeverr  it d o e s   i n d i c a t e  a p o s s i b i l i t y ,   b u t  is n o t   o n e   t h a t  
w e  are  p lann ing   on .  
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N I C K E L  HYDROGEN CELLS, AN HISTORIC OVERVIEW 
L. Miller 

E a g l e   P i c h e r  

The   year   1980 m a r k s  a n   a p p r o x i m a t e   d e c a d e   o f   a c t i v i t y  associ-  
a t e d   w i t h   t h e   d e v e l o p m e n t  of n i c k e l   h y d r o g e n   b a t t e r y  systems 
p r i m a r i l y   f o r   r e p l a c e m e n t  of t h e   n i c k e l  cadmium b a t t e r y   a n d   s p a c e  
p o w e r   s y s t e m s .   D u r i n g   t h e  l a s t  t e n   y e a r s ,   a n   i n t e n s i v e  e f f o r t  was 
c o n d u c t e d ,   i n v o l v i n g  many d i f f e r e n t   o r g a n i z a t i o n s ,  t o  move r a p i d l y  
f r o m   t h e   b a s i c   c o n c e p t u a l   d e s i g n   s t a g e   t o   t h e   p r e s e n t   s t a t u s   o f  a 
f l i g h t w o r t h y   b a t t e r y   s y s t e m   s u i t a b l e   f o r   t h e   m u l t i p l e   h i g h  r e l i -  
a b i l i t y  space a p p l i c a t i o n .  I t  is t h e   p u r p o s e   o f   t h i s   p r e s e n t a t i o n  
t o   b r i e f l y  review a n d   s u m m a r i z e   t h e   m a j o r   e v e n t s   a n d   m i l e s t o n e s  
a s s o c i a t e d   w i t h   t h i s   s u c c e s s f u l   e f f o r t .  

W i t h   r e s p e c t  t o  t h e   b a s i c   s y s t e m   e l e c t r o c h e m i s t r y ,   s e v e r a l  
r e f e r e n c e s   t o   n i c k e l   h y d r o g e n   w o r k   p r e - d a t i n g   t h e   s u b j e c t   r e n a s -  
c e n c e  may b e   f o u n d .   H o w e v e r ,   t h e   o r i g i n   o f   t h e   i n i t i a l  w o r k  
l e a d i n g   t o   t h e  space t y p e   d e s i g n s  w e  know t o d a y  may b e   a t t r i b u t e d  
t o  t w o   s o u r c e s  who s h a r e   j o i n t l y   i n   t h i s   d i s t i n c t i o n .   A r o u n d  
1 9 7 0 ,   w h i l e   u n d e r   c o n t r a c t   t o   C o m s a t   L a b o r a t o r i e s ,   C l a r k s b u r g ,  
r e p r e s e n t i n g   t h e   I n t e r n a t i o n a l   T e l e c o m m u n i c a t i o n s   S a t e l l i t e  
O r g a n i z a t i o n   ( I n t e l s a t ) ,   T i c 0   L a b o r a t o r i e s ,   W a l t h a m ,   e x p e r i e n c e d  
d i f f i c u l t y   d u r i n g   t h e   d e v e l o p m e n t   o f  a r e g e n e r a t i v e   o r   r e c h a r g e -  
a b l e   h y d r o g e n - o x y g e n   f u e l  c e l l ,  t h e   p u r p o s e   o f   w h i c h  was t o  
r e p l a c e   n i c k e l   c a d m i u m   s y s t e m s   o n   I n t e l s a t   c o m m u n i c a t i o n  s a t e l -  
l i t e s .  T h i s   d i f f i c u l t y   r e s u l t e d   i n   t h e   c o n s i d e r a t i o n   o f   t w o  
r e l a t e d   a l t e r n a t i v e   s y s t e m s ,   t h e   o x y g e n - c a d m i u m   c o u p l e   a n d   t h e  
h y d r o g e n - n i c k e l  couple.  The  oxygen-cadmium  couple  was s o o n  elim- 
i n a t e d   f o r   t e c h n i c a l   r e a s o n s .  On t h e   o t h e r   h a n d ,   t h e   i m m e d i a t e  
success o f   t h e   h y d r o g e n - n i c k e l   c o u p l e   r e s u l t e d   i n   t h a t   s u b s e q u e n t  
r a p i d   d e v e l o p m e n t .   T h e r e f o r e ,   h i s t o r y  may t a k e  n o t e   o f  t h i s  
a c c o m p l i s h m e n t ,   a n d   i n   c o n s i d e r a t i o n  of  t h i s   c o n t r i b u t i o n ,  we 
b e l i e v e   t h e   r e s p o n s i b l e   p e r s o n n e l   s h o u l d   b e   r e c o g n i z e d .  A t  Comsat 
L a b o r a t o r i e s  we h a v e  J i m  Dunlop,  Gert Van Ommering  and  Joe 
S t o c k e l .  At T i c 0  L a b o r a t o r i e s ,  w e  h a v e   J o s e   G i n e r  , J o h n   P e r r y   a n d  
L a r r y  Swe t t e  . 

AS m e n t i o n e d ,  many o r g a n i z a t i o n s   h a v e  made s i g n i f i c a n t   c o n t r i -  
b u t i o n s   t o   t h e   d e v e l o p m e n t   o f   t h e   n i c k e l   h y d r o g e n   b a t t e r y   s y s t e m .  
H o w e v e r ,   f o r   t h e   p u r p o s e   o f   b r e v i t y   t h i s   p r e s e n t a t i o n  w i l l  b e  
k e y e d   o f f   t h e   a c t i v i t i e s   o f   t h e   t w o  major sources o f   s u p p o r t   a n d  
f u n d s   f o r   s y s t e m   d e v e l o p m e n t .   T h e   f i r s t ,   o f   c o u r s e ,  is  I n t e l s a t ,  
v i a  C o m s a t   L a b o r a t o r i e s ,   a n d   t h e   s e c o n d  i s  t h e  Air  F o r c e  Aeropro- 
p u l s i o n   L a b o r a t o r y   ( u n d e r   t h e   d i r e c t i o n   o f  Don W a r n o c k ) ,   l o c a t e d  
of  c o u r s e  a t  W r i g h t   P a t t e r s o n  A i r  F o r c e  Base, Ohio.  

A c h r o n o l o g i c a l   r e v i e w  of t h e   m a j o r   e v e n t s   a n d   m i l e s t o n e s  
l e a d i n g   u p  t o  t h e   c u r r e n t   s y s t e m   s t a t u s  may be   summar ized  as 
f o l l o w s .  
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I n   t h e   1 9 7 0 - 7 1   p e r i o d ,   I n t e l s a t ,   b o t h   i n   h o u s e   a n d  a t  Comsat, 
a n d   T i c o   l a b s   i n i t i a t e d   t h e   n i c k e l   h y d r o g e n  space sys t ems   deve lop -  
m e n t .   I n   1 9 7 2 ,   t h e  A i r  F o r c e   b e c a m e   i n v o l v e d   w i t h   t h e i r  own 
in-house   sys tem  deve lopment .  

I n   t h e   1 9 7 3 - 7 4   p e r i o d ,   I n t e l s a t   a w a r d e d  a d u a l   c o n t r a c t   t o  
b o t h   E a g l e   P i c h e r   I n d u s t r i e s   i n   J o p l i n ,  Mo, and t o   t h e   E n e r g y  
R e s e a r c h   C o r p o r a t i o n ,   D a n b u r y ,   C o n n ,   t o   d e v e l o p   a n d   p r o d u c e   l i g h t -  
w e i g h t   f l i g h t   c o n f i g u r a t i o n   n i c k e l   h y d r o g e n  c e l l s .  T e s t i n g   i n  
t h i s   p r o g r a m   p r o d u c e d  u p  t o  6 0 0 0  c y c l e s ,  a t  6 0 %  d e p t h   o f   d i s c h a r g e  
wi th   wha t  w e  c a l l  a c y l i n d r i c a l  c e l l  c o n f i g u r a t i o n .   T h e r e  were 
o t h e r  c e l l  c o n f i g u r a t i o n s   p r o d u c e d   d u r i n g   t h i s   p e r i o d :   o n e   s h a p e d  
l i k e  a f l a t   p a n c a k e ,   a n o t h e r  l i k e  a prism w i t h   r a d i u s   e d g e s   o n  it. 
However,  owing t o   t e c h n i c a l   r e a s o n s   a n d   m a n u f a c t u r i n g   p r o b l e m s ,  
t h e   c y l i n d r i c a l  c e l l  was t h e   d e s i g n   t h t  was c a r r i e d   o n   f r o m   t h i s  
p o i n t .  

A g a i n ,   i n   1 9 7 3 ,   t h e  Air F o r c e   a w a r d e d   t h e   n i c k e l   h y d r o g e n  
r e g e n e r a t i v e   f u e l  c e l l  p r o g r a m   t o  T i c 0  Labs .   Th i s   p rog ram  cons i s -  
t e d  of b o i l e r p l a t e  c e l l  c o n s t r u c t i o n   t o   s t u d y   t h e   b a s i c   s y s t e m  
c o m p o n e n t s .   A l s o   i n   1 9 7 3 ,   t h e  A i r  F o r c e   a w a r d e d   t h e   n i c k e l   h y d r o -  
gen s a t e l l i t e  e n e r g y   s t o r a g e   p r o g r a m   t o   H u g h e s   A i r c r a f t  Company, 
Los Ange le s ,  Ca. From t h i s   a w a r d ,   s u b c o n t r a c t s  were awarded   t o  
Eag le   P i che r ,   Ene rgy   Resea rch   and  T i c 0  L a b s .   A g a i n ,   t h e   e f f o r t  
c o n s i s t e d   o f   b o i l e r p l a t e  c e l l  c o n s t r u c t i o n   f o r   b a s i c   s y s t e m  
s tudy .   Approx ima te ly   3000   cyc le s  a t  8 0 %  DOD were accumula ted  
d u r i n g   t h i s   p e r i o d .  

1974  was a r a t h e r   s i g n i f i c a n t   y e a r ,  a s  i t  h a s   b e a r i n g   o n   t h e  
s u c c e s s f u l   e v o l u t i o n   o f   t h e   n i c k e l   h y d r o g e n   s y s t e m .  Under  con- 
t r a c t  t o   W e s t e r n   E l e c t r i c  Company, E a g l e   P i c h e r   e s t a b l i s h e d  a 
p r o d u c t i o n   f a c i l i t y   i n   J o p l i n   f o r   t h e   m a n u f a c t u r e   o f   e l e c t r o -  
chemica l ly   impregna ted  ( E I )  n i c k e l   a n d  cadmium e l e c t r o d e s .   T h i s ,  
of c o u r s e ,  was b a s e d   o n   t h e  B e l l  p r o c e s s .  

I n   1 9 7 5   I n t e l s a t   a w a r d e d   t h e   n i c k e l   h y d r o g e n   s y s t e m   s t u d y  
program t o  M a r c o u s s i s   L a b o r a t o r i e s   i n   F r a n c e .   P r o b l e m s   a n d   c o n -  
s t r a i n t s   a s s o c i a t e d   w i t h   t h e  e l e c t r i c a l  parameters were s t u d i e d  
a n d   d e s i g n   s o l u t i o n s   e v o l v e d .  

A g a i n   i n   1 9 7 5 ,   I n t e l s a t   a w a r d e d   t h e   n i c k e l   h y d r o g e n  c e l l  and 
b a t t e r y   m e c h a n i c a l   a n d   t h e r m a l   d e s i g n   s t u d y   p r o g r a m   t o  TRW, 
Redondo  Beach, Ca. A 10-cell  b a t t e r y   u s i n g   E a g l e   P i c h e r  RNH-35-1 
(which i s  b a s i c a l l y   o u r  NTS-2 d e s i g n s ) ,  was manufac tured   and  
s u b j e c t   t o   f l i g h t   l e v e l  e l e c t r i c a l  a n d   d y n a m i c   t e s t i n g .   T h i s  
b a t t e r y   h a s   a c c u m u l a t e d   a p p r o x i m a t e l y   4 . 5   y e a r s   o f  r e a l  time 
g e o s y n c h r o n o u s   c y c l i n g  a t  6 0 %  DOD. 

A g a i n   i n   1 9 7 5 ,  a b u s y   y e a r   f o r   t h e   n i c k e l   h y d r o g e n   e f f o r t ,   t h e  
Air F o r c e   a w a r d e d   t h e   n i c k e l   h y d r o g e n   f a i l u r e   m e c h a n i s m   p r o g r a m   t o  
Hughes A i r c r a f t .   S u b c o n t r a c t s   w e r e   a w a r d e d   t o  E I C  C o r p o r a t i o n   i n  
Newton, Mass, f o r   d e v e l o p m e n t  of a n   i m p r o v e d   c a t a l y t i c   n e g a t i v e  
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e l e c t r o d e .   P r o b l e m s   a n d   c o n s t r a i n t s   a s s o c i a t e d   w i t h   b o t h  e l e c t r i -  
ca l  and   mechanica l  parameters were s t u d i e d   a n d   d e s i g n   s o l u t i o n s  
evo lved .  I t h i n k   o n e   s i g n i f i c a n t   m i l e s t o n e   h e r e  was t h a t   t h e  
n e g a t i v e   e l e c t r o d e  was i n v o l v e d ,   w h i c h   o f f e r e d  super ior  p o l a r i z a -  
t i o n   v o l t a g e   a n d   o x y g e n   r e c o m b i n a t i o n   c h a r a c t e r i s t i c s .  

S t i l l   i n   1 9 7 5 ,   I n t e l s a t   a n d   t h e   N a v a l   R e s e a r c h   L a b o r a t o r y ,  
Washington D.C.,  j o i n e d   t o   l a u n c h  a 14-cell b a t t e r y   c o n s i s t i n g   o f  
two 7 -ce l l   modu les  as  t h e   p r i m a r y   b a t t e r y  i n  t h e  Navy NTS-2 s a t e l -  
l i t e .  The 35A h n i c k e l   h y d r o g e n  ce l l s ,  which we d e s i g n a t e d  
RNH-35-1 cel ls ,  were manufac tu red  by E a g l e   P i c h e r   u s i n g   J o p l i n  E 1  
p o s i t i v e   e l e c t r o d e s ,   a n d  B e l l  p r o c e s s e d  n i c k e l  h y d r o g e n   b a t t e r i e s .  
There were s u b j e c t   t o   f u l l  space t y p e   q u a l i f i c a t i o n   p r o g r a m .  
Launched i n   J u n e   1 9 7 7 ,   t h e   b a t t e r i e s  a re  s t i l l  s u c c e s s f u l l y  per- 
f o r m i n g   i n   m i s s i o n   i n   t h e   p o l a r ,   1 2   h o u r   o r b i t .  The d e p t h   o f  
d i s c h a r g e   h a s   v a r i e d  a l i t t l e  (40-60%)  because  some of t h e   l o a d s  
i n   t h e  s a t e l l i t e  h a v e   d e g r a d e d   a n d   r e q u i r e d  some v a r i a t i o n   i n   t h e  
d e p t h   o f   d i s c h a r g e .  

S t i l l  i n   1 9 7 5 ,   t h e  A i r  Fo rce   awarded   t he   n i cke l   hydrogen  
f l i g h t   e x p e r i m e n t   p r o g r a m   t o   E a g l e   P i c h e r .   L o c k h e e d  Missiles and 
Space Company, Sunnyva le ,  Car s e r v e d  as  a s y s t e m   i n t e g r a t i o n  
c o n t r a c t o r .   A c t u a l l y   t h e i r   r o l e   i n   t h e   p r o g r a m  was much more 
i m p o r t a n t   t h a n   t h a t .  I b e l i e v e   t h e i r   c o n t r i b u t i o n   t o   t h e   b a t t e t y  
d e s i g n   i n t e g r a t i o n  was e s s e n t i a l  t o  the   p rog ram success.  T h i s  
21-cell, 50A h b a t t e r y  was m a n u f a c t u r e d   b y   E a g l e   P i c h e r ,   t h e  prime 
c o n t r a c t o r .   J o p l i n  E 1  p o s i t i v e   e l e c t r o d e s  were used   and   t he  
sys t em was q u a l i f i e d   a n d   l a u n c h e d   o n   c l a s s i f i e d  Air Force   l owEar th  
o r b i t   m i s s i o n .  I t  was l a u n c h e d   a b o u t  a s i m i l a r   t i m e f r a m e  a s  t h e  
NTS-2, around  June  1977,   and  accumulated  approximately  2000 
c y c l e s ,   b o t h   s h a l l o w   a n d   d e e p  DODs (some were 1 0 0 %  d e p t h   o f   d i s -  
c h a r g e   c y c l e s )   o v e r   a b o u t   a n   e i g h t - m o n t h   p e r i o d   b e f o r e  t h e  m i s s i o n  
was t e r m i n a t e d  as  p l a n n e d .  

One t h i n g   t h a t  came o u t   o f   t h i s   p r o g r a m ,   w h i c h  was v e r y  
e n c o u r a g i n g ,  was t h a t   t h e   p r o g r a m  f lew as a n  expe r imen t ,   and  w e  
c o u l d   o n l y  u s e  power as  power  became a v a i l a b l e .   T h e r e f o r e ,  i t  g o t  
j u s t  a l i t t l e  p o w e r   r e c h a r g e d   e v e r y   f e w   o r b i t s ,   w h i c h   l e d   t o   t h e  
p o s i t i o n   t h a t   t h e   p r o g r a m   m a n a g e m e n t   h a d   n o   i d e a   o f   w h a t   t h e  s t a t e  
o f   c h a r g e   o f   t h e   s y s t e m  was. However ,   the  c e l l s  were equipped  
w i t h   p r e s s u r e   t r a n s d u c e r s ,   w h i c h   g i v e   v e r y   g o o d   i n d i c a t i o n   o f   t h e  
s t a t e  o f   c h a r g e   i n   n i c k e l   h y d r o g e n ,   a n d   a l l o w e d   t h e m   t o   m a i n t a i n  
g o o d   p r o g r a m   c o n t r o l   e v e n   u n d e r   t h e s e   c i r c u m s t a n c e s .   S e v e r a l  
b a t t e r i e s  were made unde r   t hese   p rog rams .  One of   them was sh ipped  
t o  Lockheed,  and I u n d e r s t a n d   t h a t   t h e   l i f e   t e s t i n g   o n   t h a t ,   w h i c h  
we s h a l l   h e a r   m o r e   a b o u t   t o d a y ,  i s  a p p r o a c h i n g  8000 r e a l  time 
c y c l e s   i n  t h e  l o w - E a r t h   o r b i t   c y c l e   r e g i m e ,   a b o u t   5 0 %  DOD. 

In   1976-77 ,   t he  Air Force   awarded  a m a n u f a c t u r i n g   t e c h n o l o g y  
program t o  E a g l e   P i c h e r   t o   e s t a b l i s h   p r o d u c t i o n   f a c i l i t y   t o  manu- 
f a c t u r e  E 1  ( A i r  F o r c e   p r o c e s s )   n i c k e l   a n d  cadmium e l e c t r o d e s .  
T h i s   f a c i l i t y  was s e t  u p  i n   o u r   C o l o r a d o   S p r i n g s   p l a n t .  
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I n   1 9 7 6 ,   t h e  Air Force   awarded   t he   n i cke l   hydrogen   advanced  
d e v e l o p m e n t   p r o g r a m   t o   H u g h e s   A i r c r a f t   t o   d e v e l o p   a n d   q u a l i f y  a 
d e s i g n   a n d   e s t a b l i s h   m a n u f a c t u r i n g   s o u r c e s   f o r   n i c k e l   h y d r o g e n  
s y s t e m s   s u i t a b l e   f o r   b o t h  LEO and GEO space miss ions .   Subcon-  
t r a c t s  were awarded t o  Yardney E lec t r i c  Div is ion ,   Pawcatuck ,   Conn,  
a n d   E a g l e   P i c h e r ,   J o p l i n ,   f o r  c e l l  m a n u f a c t u r i n g ;   a n d   E a g l e  
P i c h e r ,   C o l o r a d o   S p r i n g s ,  was awarded a c o n t r a c t   f o r  E 1  p o s i t i v e  
e l e c t r o d e   i m p r o v e m e n t s .  Two m a n u f a c t u r i n g   s o u r c e s  were e v e n t u a l l y  
s e l e c t e d   f r o m   t h i s   e f f o r t .  One was H u g h e s   A i r c r a f t   i t s e l f ,   a n d  
t h e   o t h e r  was E a g l e   P i c h e r ,   J o p l i n .   E a g l e   P i c h e r ,   C o l o r a d o  
S p r i n g s ,  w i l l  s u p p l y  E 1  p o s i t i v e   e l e c t r o d e s  for  b o t h   s o u r c e s .  
T e s t i n g   u n d e r   t h i s   e f f o r t   i n c l u d e d   s p a c e   l e v e l   q u a l i f i c a t i o n   a n d  
r e a l  time LEO c y c l i n g   a p p r o a c h i n g   8 0 0 0   c y c l e s  a t  a b o u t  8 0 %  DOD. 

I n   1 9 7 7 ,   I n t e l s a t   a w a r d e d  a c e l l  d e s i g n   v a r i a b l e   ( e l e c r o l y t e  
management)  program t o  E I C .  T e s t i n g   i n   t h i s   p r o g r a m   i n c l u d e d  
a l l o w e d   a c c u m u l a t i o n   o f   a p p r o x i m a t e l y  4 0 0 0  c y c l e s  a t  a round  80% 
DOD. 

I n   1 9 7 8 ,   I n t e l s a t   a w a r d e d  a c a t a l y t i c   n e g a t i v e   e l e c t r o d e  
improvement   program,  which was p r i m a r i l y   c o n c e r n e d   w i t h   a s s e s s i n g  
w h e t h e r   t h e   d e s i g n   s h o u l d   a l l o w   r e d u c t i o n   i n   p l a t i n u m ,   t o  E I C .  

I n   1 9 7 8 ,   I n t e l s a t   a w a r d e d  a p o s i t i v e   e l e c t r o d e   i m p r o v e m e n t  
p rogram  to   Yardney  E lec t r i c .  I b e l i e v e   t h e   i n t e n t i o n   h e r e  was t o  
assess t h e  impact o f   v a r i o u s   l o a d i n g   l e v e l s   o n   t h e   p e r f o r m a n c e   o f  
t h e   e l e c t r o d e .  

I n   1 9 7 8 ,   E a g l e   P i c h e r ,   J o p l i n ,   e s t a b l i s h e d   t h e  new a e r o s p a c e  
e l e c t r o d e   p r o c e s s   f a c i l i t y   w i t h   d e d i c a t e d   e q u i p m e n t   f o r  E I ,  space 
t y p e ,   p o s i t i v e   e l e c t r o d e   p r o d u c t i o n .   P r e v i o u s l y ,   E a g l e   P i c h e r ,  a s  
well as  m o s t   b a t t e r y   m a n u f a c t u r e r s ,   d e p e n d e d   o n   t h e   s c r e e n i n g   o f  
c o m m e r c i a l   t y p e   e l e c t r o d e s   f o r   t h e  space s y s t e m s .  

I n   1 9 7 9 ,   I n t e l s a t   a w a r d e d  a h i g h - p r e s s u r e ,   h i g h - e n e r g y   d e n s i t y  
n i c k e l   h y d r o g e n   b a t t e r y   d e v e l o p m e n t   p r o g r a m   t o   Y a r d n e y  E l e c t r i c .  
I b e l i e v e   t h i s   p r o g r a m  as  c o n s t i t u t e d  was r e d u c i n g   t h e   f r e e   v o l u m e  
o f   t h e  c e l l s ,  t h u s   s a v i n g   w e i g h t  b u t  o p e r a t i n g  a t  h i g h e r  pres- 
s u r e s ,  which is p o s s i b l e   i n   n i c k e l   h y d r o g e n   b e c a u s e   o f   t h e   e x t r e m e  
s a f e t y   m a r g i n  we had i n   t h e  pressure  v e s s e l   d e s i g n s .  We o p e r a t e d  
o n   l e v e l s  u p  t o   f o u r   o r   f i v e   g r e a t e r   t h a n   t h e  a c t u a l  o p e r a t i n g  
pressure  o f   t h e  c e l l .  

A l s o   i n   1 9 7 9 ,   t h e  Air Force   awarded   t he  common pressure v e s s e l  
n i c k e l   h y d r o g e n   b a t t e r y   p r o g r a m   t o  E I C  f o r   f e a s i b i l i t y   s t u d y .  I 
b e l i e v e  w e  s h a l l   h e a r   s o m e t h i n g   o n   t h i s   p r o g r a m   t o d a y .  

G e t t i n g   c l o s e   t o   t h e   p r e s e n t ,   i n   1 9 7 9   I n t e l s a t   a l l o w e d   F o r d  
Aerospace   and   Communica t ions   Corpora t ion ,   Pa lo   A l to ,  Car t o  pre- 
p a r e   f o r   r e p l a c e m e n t   o f   n i c k e l  cadmium w i t h   n i c k e l   h y d r o g e n   o n  
f l i g h t s  5 - 9 o n   t h e   I n t e l s a t  V program. FACC d e s i g n e d   t h e  
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2 7 - c e l l  30A h b a t t e r y ,   w h i c h   h a s  now s u c c e s s f u l l y   u n d e r g o n e   e x t e n -  
s i v e  e l e c t r i c a l  and  space q u a l i f i c a t i o n   t e s t i n g ,   a n d   i n  i t s  f i n a l  
form o f f e r s  a mass s a v i n g s  of p o t e n t i a l   m i s s i o n   e x t e n s i o n .   T h e  
c e l l s  u s e d  are d e s i g n a t e d   t h e  RNH-30-1; t h e y  are  t h e  NTS-2 
d e s i g n .   T h e y  are  m a n u f a c t u r e d   b y   E a g l e   P i c h e r  ( t o  d a t e  w e  h a v e  
d e l i v e r e d   a p p r o x i m a t e l y   3 0 0   u n i t s ) ,   a n d  u s e  t h e   J o p l i n  E 1  p o s i t i v e  
e l e c t r o d e s .  One p o i n t   o f   i n t e r e s t   i n   s p e c i a l   t e s t i n g   u n d e r   t h e  
p r o g r a m  is t h a t   o n e  of t h e   o l d  NTS-2 b a t t e r i e s  ( I  b e l i e v e  it was 
t h e   i n t e g r a t i o n   b a t t e r y )  was p u t   o n  t e s t  i n  a r e a l  time GEO t y p e  
c y c l e   r e g i m e   i n  s e r i e s ,  o r   a g a i n s t   t h e  new 1-5 n i c k e l  cadmium 
b a t t e r y ,   o f   a p p r o x i m a t e l y   t h e  same c a p a c i t y ,   a n d   u n d e r   i d e n t i c a l  
c o n d i t i o n s .   T h e  l a s t  r e p o r t  w e  h a d   o n   t h i s   a f t e r   a b o u t   1 . 5   y e a r s  
o f   t e s t i n g ,   s h o w e d   t h a t   t h e   n i c k e l   h y d r o g e n   s y s t e m  i s  still demon- 
s t r a t i n g   s u p e r i o r   p e r f o r m a n c e .  

A l s o   i n   1 9 7 9 ,   t h e  A i r  F o r c e   i n  a s imi la r  u n d e r t a k i n g ,   a l l o w e d  ' 

H u g h e s   A i r c r a f t  Company t o   p r e p a r e   f o r   r e p l a c e m e n t  of n i c k e l  
cadmium w i t h  n i c k e l   h y d r o g e n   o n   t h e  A i r  F o r c e  s a t e l l i t e  d a t a  
s y s t e m   ( S D S )   p r o g r a m .   H u g h e s   h a s   d e s i g n e d   t h e   1 8 - c e l l ,  25A h 
b a t t e r y ,   w h i c h  i s  i n t e n d e d   t o   s u p p o r t  a l o n g - t e r m ,   l o w - E a r t h   o r b i t  
m i s s i o n   w i t h  a l a u n c h   i n  t h e  e a r l y   1 9 8 0 s .  N i c k e l  h y d r o g e n  c e l l s  
w i t h   a n   a d v a n c e d   d e v e l o p m e n t   d e s i g n  w i l l  be   manufac tured   by   Hughes  
u s i n g   E a g l e   P i c h e r ,   C o l o r a d o   S p r i n g s ,  E 1  p o s i t i v e   e l e c t r o d e s .  

T h a t   b r i n g s   u s   u p   t o   d a t e   w i t h   r e s p e c t   t o   t h e   m a j o r   e v e n t s .  

A n o t h e r   a r e a   t h a t   m i g h t   b e   o f   i n t e r e s t  a t  p r e s e n t  i s  t h a t  
a p p r o x i m a t e l y  a y e a r   a g o  we c o n d u c t e d  a s u r v e y   t o  see j u s t  how 
much t e s t  d a t a   h a d   b e e n   a c c u m u l a t e d   o n   n i c k e l   h y d r o g e n .   F a c i l i t y  
A h a s   t w o  t e s t  s e r i e s   g o i n g .   T h e   f i r s t  t e s t  s e r i e s  i s  r e p o r t e d   a t  
f o u r   y e a r s  r e a l  t ime, g e o s y n c h r o n o u s   o r b i t ,   c y c l i n g  a t  6 0 %  DOD. 
T h e   s e c o n d   s e r i e s  i s  r e p o r t e d   6 0 0 0   c y c l e s  a t  6 0 %  DOD. F a c i l i t y  B 
h a d   o n e   s e r i e s   g o i n g .   T h e y   r e p o r t e d  7 0 0 0  c y c l e s  r e a l  time 
l o w - E a r t h   o r b i t  a t  50% DOD. F a c i l i t y  C had   one  s e r i e s  under  way 
a t  t h a t  time: 3 5 0 0   c y c l e s   r e a l  time l o w   E a r t h   o r b i t   c y c l i n g  a t  
5 0 %  DOD. F a c i l i t y  D h a d   t h r e e  t e s t  s e r i e s  under   way.   They  have 
r e p o r t e d   o n   t h e   f i r s t  s e r i e s ,  26 e c l i p s e   s e a s o n s ,   g e o s y n c h r o n o u s  
a t  8 0 %  DOD; 32 e c l i p s e   s e a s o n s ,   g e o s y n c h r o n o u s ,   8 0 %  DOD; and   45  
ec l ip se  s e a s o n s ,   g e o s y n c h r o n o u s  a t  80% DOD. One t h i n g   t h a t   m i g h t  
b e   o f   i n t e r e s t   t o   n o t e  a t  t h i s   p o i n t  i s  t h a t  w i t h  4 5   e c l i p s e  
s e a s o n s ,   t h e s e  c e l l s  w i l l  r e a l l y   b e   t h e   f i r s t   g e n e r a t i o n   n i c k e l  
hydrogen  c e l l s  e v e r   p r o d u c e d   f r o m  a time s t a n d p o i n t .   T h a t   m e a n s  
t h e y   i n c o r p o r a t e d   t h e   o l d   c h e m i c a l l y   i m p r e g n a t e d   p o s i t i v e s   a n d   t h e  
p e l l o n   2 5 0 5   s e p a r a t o r ,   b o t h   o f   w h i c h  we know a r e  d e f i n i t e l y   l i f e -  
l i m i t i n g   d e s i g n s   i n   t h e   s y s t e m .   H o w e v e r ,  we s t i l l  a c h i e v e d   t h i s  
t y p e  of  c y c l e   d a t a   e v e n   w i t h   t h o s e   v e r y   e a r l y   d e s i g n s .   F i n a l l y ,  
f a c i l i t y  E h a s   t w o  t e s t  s e r i e s  g o i n g .   T h e y   r e p o r t  7 0 0 0  c y c l e s  
rea l  time l o w - E a r t h   o r b i t   a n d   8 0 %  DOD, a n d   t w o   y e a r s  r e a l  time 
g e o s y n c h r o n o u s   o r b i t  a t  8 0 %  DOD. 

I s h o u l d  l i k e  t o  comment  on t h e   s t a t u s   o f   n i c k e l   h y d r o g e n  
t o d a y ;  I c a n   o n l y   s p e a k   f r o m   t h e   s t a n d p o i n t ,   o f   c o u r s e ,   o f   E a g l e  
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P i c h e r .   D e d i c a t e d   f a c i l i t i e s  a t  E a g l e   P i c h e r   i n c l u d e   p o s i t i v e  
e l e c t r o d e  area,  a b o u t  4 4 0 0  square f e e t ,   w i t h  a c a p a c i t y   o f   a r o u n d  
540 e l e c t r o d e s  per 8 h o u r   p r o d u c t i o n   s h i f t .  A t  t h e   C o l o r a d o  
S p r i n g s   p r o d u c t i o n   f a c i l i t y ,  w e  have   a round  5000  s q u a r e   f e e t  
d e d i c a t e d   t o   t h e   s y s t e m .   T h e   c a p a c i t y  i s  a r o u n d   7 2 0   e l e c t r o d e s  
f o r   a n  8 h o u r   s h i f t .   T h e r e  is a n   a n a l y t i c a l   c h e m i s t r y   l a b o r a t o r y  
t o   s u p p o r t   b o t h   o f   t h e s e   o p e r a t i o n s ,  4 4 0  s q u a r e   f e e t .  The nega- 
t i v e   e l e c t r o d e   p r o d u c t i o n  area c a p a c i t y  i s  a b o u t   1 5 0   e l e c t r o d e s  
per 8 - h o u r   p r o d u c t i o n   s h i f t  per s t a t i o n ;   t h e r e  are  two s t a t i o n s  i n  
o p e r a t i o n .  500 s q u a r e   f e e t  a r e  consumed  there .   The c e l l  and 
b a t t e r y   a s s e m b l y  t e s t  area i s  around  2100 square f e e t .  The c e l l  
a n d   b a t t e r y  t e s t  area h a s  2800 s q u a r e   f e e t .   F o r   g e n e r a l   s u p p o r t ,  
e n g i n e e r i n g   a n d   s t o r a g e  area a n d   o t h e r s  we have  1500 square f e e t .  
T h i s  i s  a t o t a l   o f   a r o u n d   1 6 , 7 5 0  square f e e t   o f   r e a l l y   d i r e c t l y  
r e l a t e d   p r o d u c t i o n   f a c i l i t i e s   a v a i l a b l e   f o r   n i c k e l   h y d r o g e n  
p r o d u c t i o n .  

The p r e s e n t   p r o d u c t i o n   c a p a b i l i t y   o f   t h i s  area i s  around  120 
50A h c e l l s  per m o n t h .   T h e   l i m i t i n g   p r o d u c t i o n   l i n e  or a rea  now 
is t h e   n e g a t i v e   e l e c t r o d e   p r o d u c t i o n .  The t e s t  c a p a b i l i t y  i s  
around  100  c e l l s  per month,   and  the limits t h e r e  a r e  s i m p l y   t h e  
t e s t  s t a t i o n s   t o  hook   t he  c e l l s  up when t h e y  go i n t o   a b o u t  a month 
c o n d i t i o n i n g   a n d   a c c e p t a n c e   t e s t i n g .  

( F i g u r e   3 8 - 1 )  

F i g u r e   3 8 - 1   g i v e s   a n   i n d i c a t i o n   o f   t h e   a m o u n t   o f   p a p e r w o r k  
a s s o c i a t e d   w i t h   t h e   p r o d u c t i o n   o f   t h e  c e l l s  a l o n e .  N i c k e l  hydro-  
gen i s  p r o b a b l y   o n e   o f   t h e   b e s t   d o c u m e n t e d  c e l l s  w e  h a v e   e v e r  
produced .  The paperwork i s  s u f f i c i e n t ,  I t h i n k ,   t h a t   i f  we d i d  
n o t   h a v e   t o   g o   t h r o u g h  a l l  t h i s  we c o u l d   p r o b a b l y  s e l l  t h e  c e l l s  
t o  y o u   f o r   a b o u t   h a l f  p r i ce .  However, i t  is n o t   g o i n g   t o   h a p p e n  
i n   t h i s   t y p e   o f   b u s i n e s s .  I t  j u s t  g i v e s   y o u  a k i n d   o f   q u i c k  
o v e r v i e w   o f   t h e   a m o u n t   o f   d o c u m e n t a t i o n   t h a t   h a s   t o   b e   f o l l o w e d  
a l o n g   a n d   c a r r i e d   t h r o u g h   i n   t h e   p r o d u c t i o n   o f   t h e s e   s y s t e m s .  
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NICKEL HYDROGEN LIFE CYCLE TEST RESULTS 
M .  Gandel  
Lockheed 

( F i g u r e   3 9 - 1 )  

F igu re   39 -1   shows  a p h o t o g r a p h   o f   t h e   b a t t e r y   t h a t   E a g l e  
P i c h e r   b u i l t   f o r   t h e  A i r  F o r c e   a n d   f l e w   o n   a n  Air F o r c e   f l i g h t  
e x p e r i m e n t   i n   1 9 7 7 .   T h i s  is  t h e   u n i t   t h a t  Lee Miller j u s t  
r e p o r t e d  as  h a v i n g  8000  c y c l e s   o n  it. I t  now h a s   1 1 , 0 4 0   c y c l e s  
( L E O )  t o  5 0 %  DOD, a n d   t e s t i n g  i s  c o n t i n u i n g .  

( F i g u r e   3 9 - 2 )  

F i g u r e   3 9 - 2   s h o w s   t h e   g e n e r a l   c h a r a c t e r i s t i c s   o f   t h e   c y c l e .  
The s a w t o o t h   o n   t h e   t e m p e r a t u r e   c u r v e  i s  a r e f l e c t i o n   o f   t h e   h e a t  
d i s s i p a t i o n   d e s i g n   o n   t h i s   b a t t e r y .  A l l  t h e   h e a t  is t a k e n   o u t  
t h r o u g h   t h e   c o l d  p l a t e  ( F i g u r e   3 9 - l ) ,   t h r o u g h   w h i c h  we c i r c u l a t e  a 
w a t e r   g l y c o l   c o o l a n t  a t  - 5   t o   - 7  C .  T h e   b a s e   o f   t h e   b a t t e r y  w i l l  
be a t  a b o u t  0 C ,  and t h e  t o p   o f   t h e  c e l l s  w i l l  be be tween   10   and  
20 C. E v e n   w i t h   t h e   s e v e r e   t e m p e r a t u r e   g r a d i e n t s ,  i t  h a s   n o t  
seemed t o   i m p a i r   t h e   o p e r a t i o n   o f   t h e   b a t t e r y .  

( Figure   39 -3  ) 

I hope t h a t  F igu re   39 -3  i s  n o t   t o o   d i f f i c u l t   t o   f o l l o w ,   b u t  I 
h a v e   t r i e d  to d e p i c t ,   f r o m   z e r o   t o   o v e r  1 0 , 0 0 0  c y c l e s ,   t h a t   t h e r e  
i s  a d e c a y  a t  t h e   e n d   o f   d i s c h a r g e   v o l t a g e   w i t h  time as  s e e n   i n  
t h e  f i r s t   s l o p e .  I t  is r e p e a t e d   t h r o u g h   t h e   o p e r a t i o n .  To com- 
p e n s a t e   f o r  t h a t ,  we p e r i o d i c a l l y   i n c r e a s e   t h e   e n d   o f   c h a r g e  
c u t o f f   v o l t a g e .  And t y i n g  i t  t o g e t h e r ,   t h e   e n d   f i r s t .  We d i d  
f i n d   o u t  a t  a b o u t   5 8 0 0   c y c l e s ,   t h a t  we were e l e c t r o l y t e - s t a r v e d ,  
a n d   b y   t u r n i n g  t h e  b a t t e r y   o n  i t s  s i d e   f u l l y   d i s c h a r g e d   a n d   n o t  
o p e r a t i n g   f o r   f i v e   d a y s ,  we w e r e   a b l e   t o   g e t   e l e c t r o l y t e   b a c k   t o  
t h e  s t ack .  We r i g h t e d   t h e   b a t t e r y   a n d   p r o c e e d e d   o p e r a t i n g   a g a i n .  
However, t h a t   p r o g r e s s i v e   d r a w i n g   o u t  w i t h  time, I t h i n k ,  i s  what  
a c c o u n t s   f o r   t h i s   i n c r e a s i n g   i n t e r n a l   r e s i s t a n c e   w i t h  time. A s  
F igu re   39 -3   shows ,  a t  a b o u t   4 8 0 0   c y c l e s  w e  d i d   t h e  f i r s t  f u l l  
r e c o n d i t i o n i n g ,   w h i c h   g a v e   u s   a d d e d   l i f e   o f   a n o t h e r   1 0 0 0   c y c l e s .  
Out a t  t h e   1 1 , 0 0 0   c y c l e  m a r k  we a r e   f i n d i n g   t h a t   t h e   e n d   o f   c h a r g e  
v o l t a g e  is a p p r o a c h i n g   w h e r e  w e  were a t  a b o u t  5800 c y c l e s .  How- 
e v e r ,   t h e   c a p a c i t y   o n   d i s c h a r g e  seems t o  be t h e r e   p r e t t y  wel l .  I 
t h i n k  w e  s h a l l   g e t  a f e w   t h o u s a n d   m o r e   c y c l e s   b e f o r e  w e  h a v e  t o  
t u r n  it on  i t s  s i d e   a n d  l e t  t h e  s tack g e t  wet a g a i n .  One c e l l  
shorted a t  a b o u t  7200  c y c l e s ,   a n d   t h a t  c e l l  i s  i n   t h e   s t r i n g .  We 
h a v e   n e v e r   t o u c h e d  i t .  It sees a b o u t  -2V o n   t h e   d i s c h a r g e   a n d  0 . 3  
- 0.6V o n   c h a r g e .   T h i s   s u g g e s t s   t h a t   h a v i n g   r e d u n d a n t  s e r i e s  
c e l l s  i n   t h e   n i c k e l   h y d r o g e n   b a t t e r y  i s  n o t   t h e   w o r s t   a p p r o a c h .  

( F i g u r e   3 9 - 4 )  
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I s h o u l d  now l i k e  t o   m e n t i o n   t h e  A i r  Fo rce   advanced   deve lop -  
ment c e l l s ,  which were manufac tured   by   Hughes   (F igure   39-4) .  We 
h a v e   t h e  c e l l s  s e t  i n  a c o o l i n g   f i x t u r e .  We u s e  t h e   m o u n t i n g  
f l a n g e   r e s t i n g   o n   t h e   c o l d  p l a t e  ar rangement   where  we h a v e   t h e  
c i r c u l a t i n g   c o o l a n t   g o i n g   t h r o u g h   c h a n n e l s .   T h i s  i s  p r e t t y   e f f e c -  
t i v e   i n   c o n t r o l l i n g   t h e  c e l l  t e m p e r a t u r e .  

F i g u r e  39-5 i s  a temperature p r o f i l e   o f   w h a t  w e  see a t  t h e   e n d  
o f   d i s c h a r g e   a n d   t h e   e n d   o f  c h a r g e .  A t  t h e   w o r s t   e x t r e m e s  we see 
someth ing  l i k e  7 C f r o m   t h e  c o o l a n t   i t s e l f   o u t   t h r o u g h   t h e   t o p   o f  
t h e  ce l l .  The h o t t e s t  p a r t  o f   t h e  c e l l  is a t  t h e   t e r m i n a l s .  

( F i g u r e  39-61 

Summar iz ing   the  r e s u l t s  w i t h   t h e s e  c e l l s  ( s ee  Figure   39-6) :  
because  w e  were a b l e   t o   h a v e  a ve ry   good   means   o f   hea t   r emova l ,  we 
d e c i d e d   t o   o p e r a t e   t h e  c e l l s  a t  80% DOD on a l o w - E a r t h   o r b i t  
regime.  The 8 0 %  DOD, seemed t o   b e   v e r y   s e v e r e   c y c l e .  I t  was 
r e a l l y  more l i k e  a 45A h c e l l  r a t h e r   t h a n  a 50,  wh ich   mean t   t ha t  
my 8 0 %  DOD m i g h t   h a v e   b e e n   c l o s e r   t o   8 5  - t o   9 0 % .   I n   a n y  case, we 
o p e r a t e d   t h e s e  c e l l s  i n   t h a t   r e g i m e   f o r   n e a r l y  1 0 0 0  c y c l e s .  A t  
t h a t  time o n e   o f   t h e  c e l l s  f a i l e d   i n  a s h o r t e d  mode.  The f a i l u r e  
was p receded  by a c y c l e   w i t h  a h i g h   p e r c e n t a g e   r e c h a r g e .   I n   t h e  
p r e c e d i n g   c y c l e  we h a d   a n   e a r l y   t e r m i n a t i o n  of  t h e   d i s c h a r g e  
because  w e  h a d   r e a c h e d   o u r   e n d   o f   d i s c h a r g e   v o l t a g e  of  1V, and s o  
i n   t h e   s u b s e q u e n t   c y c l e  we g o t   a b o u t   1 3 8 %   r e c h a r g e .  I t h i n k   t h a t  
c o n t r i b u t e d   t o   t h e   p r o b l e m .   I n   n i n e   m i n u t e s  we dropped  550 p s i ,  
which I t r a n s l a t e d   t o   a b o u t  a 400A s h o r t .  

We t h e n  p u t  t he   r ema in ing   two  c e l l s  on a 60% DOD regime,   and 
c o n t i n u e d   o u t   t o   3 5 0 0   c y c l e s .  A t  t h a t   p o i n t   t h e   s e c o n d  c e l l  
deve loped  a s h o r t .  On d i s s e c t i o n ,   h o w e v e r ,  Dr. Adler  a t  Hughes 
f o u n d   t h a t  we h a d   r o t a t e d   t h e   n e g a t i v e   t e r m i n a l   a b o u t  90  . Our 
t e c h n i c i a n   d i d   n o t  p u l l  t h e   r e s t r a i n i n g   n u t   p r o p e r l y   a n d   t h e  
b o t t o m   o r   n e g a t i v e   t e r m i n a l  was r o t a t e d   a b o u t   9 0  , which  took  up 
t h e  s t r e s s  r e l i e f   i n   t h e   n e g a t i v e  leaks .  T h a t ,  I am s u r e ,  c l o s e d  
t h e   n e g a t i v e - t o - n e g a t i v e   d i s t a n c e   a n d   p r e c i p i t a t e d   t h a t   s h o r t .  So 
we s h a l l  t ake  t h a t   r e s p o n s i b i l i t y .  I u n d e r s t a n d   t h a t   t h e  same 
t h i n g   o c c u r r e d  a t  TRW. I t h i n k   t h e   Z i e g l e r  seal  d i d   h o l d .  Then 
we o p e r a t e d   t h e   r e m a i n i n g  c e l l  t o  4 8 0 0   c y c l e s ,  a t  which time we 
t o o k  it o f f  t e s t .  I t  was u n a b l e   t o   s u s t a i n   t h e   e n d   o f   d i s c h a r g e  
v o l t a g e .  We d i d   c h e c k   o n   t h a t  c e l l  a n d   h a d   n o t   r o t a t e d   t h e  
n e g a t i v e   t e r m i n a l .  

(F igu re   39 -7 )  

Going  on t o   a n o t h e r  t e s t ,  F i g u r e  39-7  shows t h r e e  23A h n i c k e l  
hydrogen  c e l l s .  They were manufac tu red  by SAFT, France .   These  
c e l l s  were p l a c e d   o n  t e s t s  i n  summer 1978  and   they  a r e  on  an 
a c c e l e r a t e d   s y n c h r o n o u s   r e g i m e .  We i n i t i a t e d   t h e  t e s t  b y   t r y i n g  

4 0 0  



d i f f e r e n t   d e p t h s   o f   d i s c h a r g e   a n d   d i f f e r e n t   c h a r g e  r a t e s  as  shown 
i n   F i g u r e  39-8. A f t e r   t h e   f i f t h  ecl ipse s e a s o n ,  we d e c i d e d   o n  a 
C/15 c h a r g e   i n   a n  85% DOD, which w e  have   been   on   eve r   s ince .  
About  12  December, w e  s h a l l   b e g i n   t h e  22nd  42-day ecl ipse s e a s o n .  
T h e r e   h a s   o n l y   b e e n   o n e   r e c o n d i t i o n i n g .   T h a t   h a p p e n e d   a f t e r  we 
had t o   s h u t   t h e  t e s t  down because  o f  a test s e t u p  problem. The 
e n d   o f   d i s c h a r g e   v o l t a g e   d i d  show  some  improvement   fo l lowing   tha t  
r e c o n d i t i o n i n g .  

(F igu re   39 -9 )  

The  regime is d e s c r i b e d   i n   F i g u r e  39-9.  The da ta  i n   t h e  
e a r l i e r  c y c l e s ,   a l t h o u g h  I h a v e   n o t   r e p r o d u c e d   t h e m   h e r e ,  a r e  
v i r t u a l l y   t h e  same as i n   t h i s  case,  and so t h e r e  i s  n o   r e a s o n   t o  
e x p e c t   t h a t  w e  s h o u l d   n o t  see t h e   4 6 t h  ec l ipse  s e a s o n   t h a t  Mr. 
Mi l l e r   men t ioned .  

I d o   n o t  know  how t o   g e t   a r o u n d   t h e   u s e   o f   t h e   t e r m  accele- 
r a t e d ,   a n d  it b o t h e r s  me a f t e r   y e s t e r d a y ' s   s e s s i o n .  I w i s h   t h a t  
we had a comparable  real-t ime t e s t  g o i n g   o n   i n  p a r a l l e l .  However, 
as I s a y ,   t h i s   h a s   g i v e n  u s  t h e   s y s t e m   d e s i g n  c r i t e r i a  t h a t  we are 
l o o k i n g   f o r ,   a n d  we s h a l l   c o n t i n u e   o p e r a t i o n   u n t i l  we see some 
depa r tu re  f r o m   t h e  norm. 

DISCUSSION 

RITTERMAN: What k i n d   o f   p o s i t i v e   e l e c t r o d e s  were t h e r e   i n   t h e  
SAFT c e l l s ?  Were t h e y   e l e c t r o c h e m i c a l   o r   c h e m i c a l ?  

FOUGERE: They were e l e c t r o c h e m i c a l l y   i m p r e g n a t e d .  

RITTEFWAN: I s h o u l d  l i k e  t o   p o i n t   o u t   t h a t   t h o s e  c e l l s  you 
showed i n  y o u r   b a t t e r y  a r e  t h e   o l d  A i r  F o r c e   d e s i g n .   O t h e r w i s e ,  
w e  s h o u l d  n o t   h a v e   t o   t u r n  them  on t h e i r  sides. Is t h a t   c o r r e c t ?  

GANDEL: I t h i n k   t h e y  a re  a 1 9 7 9   d e s i g n .  

RITTERMAN: A s  f a r  a s  t h e  TRW mistake g o e s ,   t h a t   h a p p e n e d  
a b o u t  a year   and a h a l f   b e f o r e   y o u r s .  

STOCKEL: What was t h e   s e p a r a t o r   i n   t h e  SAFT c e l l ?  

FOUGERE: I t  was polyamide.   Nylon.  

LAMB: How should   you  assess t h e  80% d e p t h   o f   d i s c h a r g e   c y c l -  
i n g   r e g i m e   u s e d   i n   t h e  50A h c e l l s ,  t h e  Air  F o r c e   d e s i g n ?   T h e r e  
were t h r e e   f a i l u r e s   f o r   t h r e e   d i f f e r e n t   r e a s o n s .  One was t h e  
f i r s t   s h o r t   t h a t   y o u  s a i d  f a i l e d   a n d   y o u   d i d   n o t   d e s c r i b e   w h a t  
happened ;   t he   s econd  was a t t r i b u t e d   t o   m e c h a n i c a l  s t r e s s  a t  t h e  
t e r m i n a l s ;   a n d   t h e   t h i r d  was f a i l u r e   t o   m a i n t a i n   t h e   v o l t a g e  a t  
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t h e   e n d   o f   d i s c h a r g e .  What was t h e   c a u s e   o f   t h e   f i r s t   f a i l u r e ,  
a n d   w h a t   d i d   y o u   d o   t o   t h e   t h i r d   o n e ,   i f   a n y t h i n g ,   t o  see i f  you 
c o u l d   r e j u v e n a t e   t h e   c e l l ?  

GANDEL: On t h e   f i r s t   f a i l u r e ,  w e  d i s s e c t e d   t h e  c e l l  and  found 
r a t h e r   s e v e r e   b u r n i n g .   T h e r e  was t o o  much d a m a g e   f o r   u s   t o   b e  
able  t o   r e a l l y  assess wha t   had   occu r red .  We a r e  u n a b l e   t o   p o s i -  
t i v e l y  s t a t e  t h a t  we d i d   n o t   r o t a t e   t h a t   n e g a t i v e   t e r m i n a l .  I had 
n o t   c h e c k e d   t h a t ,   a n d  s o  I h a v e   t o   c a r r y   t h a t  as a n  unknown. I t  
looked  as  i f   t h e   l o c u s   o f   t h e   s h o r t  was o n   t h e   n e g a t i v e   s i d e   w h e r e  
t h e   n e g a t i v e  leads  were c o l l e c t e d .  On t h e   s e c o n d   o n e ,   ' t h e  cause 
was a s t r a i g h t   r o t a t i o n   o f   t h e   t e r m i n a l .  On t h e   t h i r d   o n e ,  I do 
n o t  know c o n c l u s i v e l y   w h e t h e r   t h e  8 0 %  DOD t h a t  i t  saw d u r i n g   t h e  
f i r s t  1 0 0 0  c y c l e s   m i g h t   h a v e   c a u s e d  some  damage. A s  f a r  a s  d o i n g  
a n y t h i n g   t o   r e c o n s t i t u t e   p e r f o r m a n c e   o r   t o   h e l p  i t ,  c o n d i t i o n i n g  
d i d   n o t  seem t o   r e j u v e n a t e  i t  a t  t h i s   p o i n t .  

LAMB: How d i d  i t  c o m p a r e   w i t h   t h e   o l d e r  A i r  F o r c e   d e s i g n ,  
w i t h   t h e   n o n - w e t t a b l e   i n t e r n a l   s u r f a c e s .  You r a n   t h a t  a t  50%?  I t  
i s  now ove r  1 0 , 0 0 0  c y c l e s   w i t h   o n e   f a i l e d  c e l l .  

GANDEL: To b e g i n   w i t h ,   t h e r e  were r e a l l y  t w o   r e a s o n s   f o r   n o t  
o p e r a t i n g  a t  a h i g h e r  DOD t h a n  5 0 % .  The f i r s t  was t h e   t h e r m a l  
d e s i g n .  We see h i g h  T w i t h   5 0 %   d e p t h   o f   d i s c h a r g e .  To g o   t o  a 
h i g h e r  DOD w i t h   h i g h e r   r a t e s  may h a v e   d r i v e n  it t o   e x c e s s i v e  
t e m p e r a t u r e .  I d o   n o t   t h i n k  i t  s h o u l d   h a v e   s u s t a i n e d   a n  80% DOD 
reg ime.  I t h i n k   t h a t  we s h o u l d   h a v e   b e e n   u n a b l e   t o   h o l d   t h a t  
c a p c i t y .   I n   o t h e r   w o r d s ,  a l l  t h e  way t h r o u g h  a t  50% DOD, you know 
we a r e  s e e i n g  a n e e d ,   e a c h   c y c l e ;   a n d  I d o   n o t  know w h e t h e r   t o   s a y  
t h a t  i s  j u s t  r a t e  l imi t ed   o r   wha t .   However ,  I d o   n o t   f e e l  I can 
m a k e  a head- to-head   compar ison   be tween  those   two c e l l s .  

RITTERMAN: The t h i r d  c e l l  t h a t   f a i l e d ,   d i d   y o u  t ea r  i t  down 
o r   d o   y o u   p l a n   t o  t ear  i t  down? 

GANDEL: We p l a n   t o  t ea r  i t  down. 

RITTERMAN: And what was t h e   f i n a l   c a p a c i t y   o f   t h a t   c e l l ?  You 
s a i d  i t  s t a r t e d  o u t  a t  45A h .  What was it  f i n a l l y  a t  C / 2  when you 
s t o p p e d   t e s t i n g ?  

GANDEL: I c a n n o t  remember e x a c t l y .  

RITTERMAN: Did  you  do a r e c o n d i t i o n i n g   b e f o r e   y o u  measured 
t h a t ,   o r  is t h i s   a f t e r   y o u r   o r d i n a r y   E a r t h - o r b i t   c y c l i n g  down t o  
1 V? 

GANDEL: I f  I remember c o r r e c t l y ,  i t  was 27A h b e f o r e   r e c o n d i -  
t i o n i n g  a t  t h e  C / 2 .  I t  was a b o u t   3 1   a f t e r   r e c o n d i t i o n i n g .  We 
t h e n   d i d  a 16   hour  C / 1 0  c h a r g e   f o l l o w e d  by a C/2 d i s c h a r g e ,   w h i c h  
gave  u s  a b o u t  40A h .  
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RITTERMAN: T h a t  is a l l  t o  1 V ?  

GANDEL: Yes. 

DUNLOP: On t h a t  c o m m e n t   a b o u t   8 0 %   d e p t h   o f   d i s c h a r g e ,  I 
s h o u l d  l i k e  t o  n o t e   o n e   t h i n g .  Last  y e a r ,   G e r h a r t  Holleck g a v e  a 
paper o n   t h e  w o r k  h e   d i d   i n   t h e   I n t e l s a t   p r o g r a m   t h a t  was r e f e r r e d  
t o  e a r l i e r  by Lee Mil ler ,  i n   w h i c h   h e   r a n   n i c k e l   h y d r o g e n  bo i le r -  
p l a t e  c e l l s  w i t h   a n d   w i t h o u t  wall w i c k s .  A l l  t h e   t e s t i n g  was d o n e  
t o  8 0 %   d e p t h   o f   d i s c h a r g e .  I t  was done   up  t o  4 0 0 0   c y c l e s .  None 
o f   t h e  c e l l s  f a i l e d  a t  t h e   e n d  of 4 0 0 0   c y c l e s .   P e r i o d i c a l l y ,  w e  
l o o k e d  fo r  l o s s  o f   e l e c t r o l y t e .   T h e r e  was a f u n n e l  a t  t h e  bottom 
of t h o s e  c e l l s  a n d   a n y   e l e c t r o l y t e   t h a t  was l o s t  w o u l d ,   b y   g r a v i t y  
fo rce ,  c o l l e c t  i n   t h e   b o t t o m   o f   t h e  ce l l s .  Every  500  c y c l e s  w e  
c h e c k e d   t o  see i f   a n y   e l e c t r o l y t e  came o u t .   T h e r e  was no l o s s  o f  
e l e c t r o l y t e   i n   t h o s e   b o i l e r p l a t e  c e l l s  a f t e r  t h e   i n i t i a l   a c t i v a -  
t i o n   i n   t h e  c e l l s  f r o m   c y c l e  50 t o  c y c l e   4 0 0 0  a t  8 0 %   d e p t h   o f  
d i s c h a r g e .   T h e   t e m p e r a t u r e   d i f f e r e n c e   b e t w e e n   t h e  s tack  a n d   t h e  
wall n e v e r   e x c e e d e d   a b o u t  8 C .  T h a t  was, by   t he   way ,  8 0 %  i n  
1 . 2  h o u r s .  We c h a r g e d   i n   1 . 8   h o u r s   w i t h   a b o u t  a 5% o v e r c h a r g e .  

GANDEL: We a r e   t a k i n g   o u t   t h e   8 0 %   i n  0 . 6  h o u r s .  

DUNLOP: I f   y o u   e v e r   d e a l   w i t h   t h i s   t h i n g   y o u   m i g h t   w a n t  t o  
d e a l  w i t h  i t  o n   a n   e n e r g y - d e n s i t y   b a s i s  some time. I f   y o u   h a v e   t o  
m a k e  50% h e a v i e r   i n   o r d e r  t o  s u s t a i n   e l e c t r o l y t e   i n   y o u r  s t a c k ,  i t  
is  n o t   n e c e s s a r i l y  c l ea r  t h a t   y o u  a r e  t a l k i n g   a b o u t   t h e  same 
e n e r g y   d e n s i t y .   I f   y o u  m a k e  a c e l l  t h a t   h a s   a n   e n e r g y   d e n s i t y   o f ,  
s a y ,  60W h/kg ,   and  a c e l l  w i t h   a n   e n e r g y   d e n s i t y   o f  40W h/kg ,   and  
Y O U  w a n t   t o  t a l k  a b o u t   u s a b l e   e n e r g y   d e n s i t y ,   t h e n   t o   h a v e   t h e  
same u s a b l e   e n e r g y   d e n s i t y ,   o n e  c e l l  may h a v e   t o   b e   d i s c h a r g e d  a t  
8 0 % ,   a n d   t h e   o t h e r   o n e  a t  50%.  You a re  t a l k i n g   a b o u t   t h e  same 
u s a b l e   e n e r g y   d e n s i t y .  

STOCKEL: I am c u r i o u s   t o  know w h a t   t h e   c o m p o s i t i o n  of t h e  
n e g a t i v e   e l e c t r o d e  i s  i n   t h e  c e l l .  

ANTOINE: C h a r c o a l   w i t h   p l a t i n u m  a s  c a t a l y s t s .  

MUELLER: On t h e   s e c o n d  c e l l  t h a t   f a i l e d ,  was t h e   f a i l e d  
c o n d i t i o n   a l s o  a s h o r t ?  

GANDEL: Yes. 

MUELLER: T h a t  was a l s o  i n d u c e d   b y   t w i s t i n g   t h e   t e r m i n a l ?  

GANDEL: Yes. T h a t  was q u i t e   u n d r a m a t i c .  I t  o c c u r r e d   a b o u t  
two m i n u t e s   b e f o r e   t h e   e n d   o f   d i s c h a r g e .   T h e r e  was n o t  much 
c a p a c i t y   r e m a i n i n g .  

MILLER: I t h i n k  I c o u l d   s a y   s o m e t h i n g   t h a t   m i g h t   h e l p  
c l a r i f y .  You m e n t i o n e d   y o u   h a d   t o   t u r n   y o u r  c e l l s  o v e r .  We rewet 

403 



them t o   g e t   t h e m   t o  w o r k .   S i n c e   t h o s e   d a y s  when we made t h o s e  
e a r l i e r  c e l l s ,  we h a v e   l e a r n e d  a l o t  more   about  how t o   a c t i v a t e  
t h e s e  c e l l s  i n i t i a l l y .  I t h i n k   t h e   p r o b l e m   t h a t   y o u   r e p o r t e d ,   a n d  
M a r t i n   R i t t e r m a n   a l s o  saw t h e s e  same p r o b l e m s   o n   t h e  e a r l i e r  
c e l l s , ' w o u l d   n o t  show u p  as q u i c k l y   o n   t h e   n e w e r  c e l l s  t h a t  are  
a c t i v a t e d   i n  a proper manner. 

GANDEL: They   would   no t   show  up   in   zero  G e i t h e r .  

DUNLOP: I t h i n k   t h a t ,   i f  you a re  g o i n g   t o   t r y   t o   d o   a n  8 0 %  
d e p t h   o f   d i s c h a r g e   i n  a 30, 60  m i n u t e   o r b i t ,  i t  might  well be 
wor thwhi l e   hav ing  a wall w i c k .  Tha t  i s  b a s i c a l l y  what  your d a t a  
w o u l d   i n d i c a t e .   P r o b a b l y  when you t r y   t o  p u t  t h a t  i n t o  a space- 
c r a f t ,  w i t h  t h e  t h e r m a l   s i t u a t i o n   y o u  descr ibe,  i t  is d i f f i c u l t   t o  
c o n t r o l   t h a t   t e m p e r a t u r e   t h r o u g h o u t   t h a t   w h o l e   c a n  s o  t h a t   y o u   d o  
n o t   h a v e  some f a i r l y   l a r g e   t e m p e r a t u r e   d i f f e r e n c e s .   T h e r e f o r e ,  
when y o u   g e t   t o   a n  8 0 %  d e p t h   o f   d i s c h a r g e   i n  30 m i n u t e s ,   t h a t  i s  a 
p r e t t y   h i g h  r a t e ,  a n d   y o u   g e t   i n t o  a f a i r l y   h i g h  r a t e  of  ove r -  
c h a r g e .  You p robab ly   need  a wal l  w i c k .  

GANDEL: We h a v e   o n e   i n   t h a t  c e l l .  We have  a z i r c o n i u m   l i n e r .  

DUNLOP: D id  you  have a wall w i c k  i n   t h e   c a n   t h a t  d r i e d  o u t ?  
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Nili, AFAPL 50 Ah BATTERY 
LOW  EARTH ORBIT 5 0 %  DO0 

Y 

Y 
U 
Y 
& 

CYCLES I X  10001 I l l  121 I I I I V I  

NOTES 111 RECONDITIONED TO 0.0 YICELL 

1 2 1  TURNED BATTERY ON SIDE FOR 5 D A Y S  

I 3 1  RECONDITIONED TO 0.0 Y l t E L L  

lill CELL I U  SHORTED 

F i g u r e  39-2  

AFAPL  BATTERY  TYPICAL  CYCLE 

CYCLE TIME 1MIN.I CYCLE  T IME 1 h l l N . l  

F i g u r e  39-3  
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HUGHES NiH2  50AH TEMPERATURE  PROFILE 
LOW EARTH  ORBIT 

F i g u r e   3 9 - 5  

F i g u r e  39-7 

HUGHES 50 Ah. NiH, (3  CELL TEST) 
LOW  EARTH ORBIT 

? CYCLES x 1000 ( 1 )  111 I11 1 1 1  Ill 1 2 )  

NOTES ( 1 )  ONE CELL  FAILED.  RECONDITION T O  0.0 VOLTSICELL 

111 RECONDITION  TO 0 . 0  VOLTSICELL 

I31 I N D  CELL  FAILED 

F i g u r e   3 9 - 6  

ACCELERATED  SYNCHRONOUS ORBIT LIFE TEST 

SAFT NIHl 11  Ah 

~ E::': C118 CHARGE  RATE  DOD 901 DOD 13 CELLS) " 10- TO 1 P  C 

< 

0 > 1 . 2  

CllO CHARGE  RATE 900. DOD 

I- c115 CHARGE RATE 85% DDD 

Y RECONDITION FOLLOWING  TEST 
SHUTDOWN DUE TO  hiALFUNCTlON 
IN  TEhlPERATURE  CONTROLLER 

0 
0 
z 
yl 

F i g u r e  39-8 
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F i g u r e  39-9 
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N I C K E L  HYDROGEN CELL TESTS 
V. M u e l l e r  

McDonnel l   Douglas  

We h a v e   t h r e e  of t h e   H u g h e s   A i r c r a f t  c e l l s ,  t h e   p r o t o t y p e  
50A h c e l l s  t h a t  were p r o v i d e d  t o  u s  by Don Warnock of  t h e  Air  
F o r c e .  We h a v e   e s s e n t i a l l y   d o n e  some parametric tests f o l l o w e d   b y  
some c y c l i n g  tests,  and  we a re  r u n n i n g   t h e   t h r e e  c e l l s  a s  two 
packs; e s s e n t i a l l y ,   o n e  c e l l  i n d e p e n d e n t l y  a t  5 0 %   d e p t h  of d i s -  
c h a r g e   i n  a 9 0   m i n u t e   o r b i t ,   a n d   t h e   o t h e r  two c e l l s  i n  se r ies  a t  
8 0 %  d e p t h   o f   d i s c h a r g e   i n   9 0 - m i n u t e   o r b i t .  I s h a l l   o n l y  t a l k  
a b o u t   t h e   c y c l i c  t e s t .  

We h a v e   t h r e e  c e l l s  a u t o m a t i c a l l y   c y c l e d   i n   s i m u l a t e d  
l o w - E a r t h   o r b i t   i n   3 5   m i n u t e   d i s c h a r g e ,   5 5   m i n u t e   c h a r g e ,   w i t h  
c h a r g i n g   v o l t a g e   l i m i t e d ,   t e m p e r a t u r e   c o m p e n s a t e d .  We h a v e   t h e  
c e l l s  mounted i n  a f i x t u r e   t h a t   c o n d u c t s   h e a t   t o   a n   a l u m i n u m  
b a s e p l a t e .   T h e   b a s e p l a t e   i n   t u r n ,  i s  b o u n d e d   i n  a t e m p e r a t u r e  
c o n t r o l l e d   b a t h  t o  r e m o v e   t h e   h e a t   f r o m   t h e   m o u n t e d   f i x t u r e .  We 
had  one c e l l  w i t h  a z i r c a r   s e p a r a t o r ,   w h i c h   f a i l e d   a f t e r   2 4 7 3  
c y c l e s .   T h a t   o n e  was i n   t h e  8 0 %  d e p t h   o f   d i s c h a r g e   c y c l i n g  
r e g i m e .  We have   two c e l l s  c o n t i n u i n g   t o   c y c l e .  One h a s  a z i r c a r  
s e p a r a t o r ,   o n e   h a s   a s b e s t o s .   T h e y  a re  now a t  a b o u t   4 0 0 0   c y c l e s .  

( F i g u r e   4 0 - 1 )  

The f a i l e d  c e l l  was r emoved   f rom  the  s e t u p ,  and  w e  d o   i n t e n d  
t o   d i s s e c t   t h a t .  However, w e  h a v e   n o t   d o n e  s o  y e t .   F i g u r e   4 0 - 1  
shows a p i c t u r e   o f   t h e  t e s t  f i x t u r e ;   t h e  c e l l  t h a t   f a i l e d  was 
m o u n t e d   i n   t h e   c e n t e r .   T h e s e   a r e   t h e   f i x t u r e s ,   t h e  clamp a r o u n d  
t h e  c e l l  b o d y ,   a n d   t h e  mater ia l  i s  60  m i l  t h i c k   a l u m i n u m .  I t  i s  
mounted  on a b a s e p l a t e  t h a t  i s  j u s t  a l i n   t h i c k   p l a t e   o f   a l u m i -  
num. The c e l l s  a r e  v e r y  well  i n s t r u m e n t e d   w i t h   t h e r m o c o u p l e s .  
One o f   t h e  tes ts  w e  d i d   b e f o r e  we s t a r t e d   t h e   c y c l i c  t e s t  was a 
t h e r m a l   c h a r a c t e r i z a t i o n  t e s t .  W h i l e  we were c y c l i n g ,   u n t i l   t h e  
s e c o n d  c e l l  f a i l e d  w e  u s e d   t h e   m i d d l e   t h e r m o c o u p l e   r i g h t  a t  t h e  
f l a n g e   f o r   c o n t r o l .   I n   o t h e r   w o r d s ,   t h e   t e m p e r a t u r e   c o n t r o l  
s y s t e m  t r i e s  t o   m a i n t a i n   t h a t   p o i n t  a t  some c o n s t a n t   l e v e l   a n d   t h e  
o t h e r   t w o   j u s t   h a v e   t o   r i d e   a l o n g .   S i n c e   t h a t   o n e   f a i l e d ,  w e  went  
t o  c e l l  no.  3 ,  which i s  s t i l l  c o n t i n u i n g   t o   o p e r a t e  a t  h i g h   d e p t h  
o f   d i s c h a r g e ,   a n d  w e  a r e  u s i n g   t h a t  as c o n t r o l .  Of c o u r s e ,   t h e y  
came w i t h   v a l v e s   i n s t a l l e d ,   a n d   e a c h  c e l l  h a s   p r e s s u r e   t e l e m e t r y .  

One o t h e r   t h i n g  I s h o u l d   p o i n t   o u t :   t h i s  is  m o u n t e d   i n s i d e  a 
plywood  box,   and s o  t h e r e  is  n o   c o n v e c t i o n   c o o l i n g .  We p a c k e d  it 
w i t h   F i b e r g l a s s ,   w h i c h   u n d e r n e a t h   t h e  c e l l s  and  a l l  a round   t hem,  
a n d   t h e n   t h e   w h o l e   t h i n g  i s  i n  a S ty ro foam  box  t o  p r o v i d e   a n  
e n v i r o n m e n t   i n   w h i c h   t h e r e  i s  n o   i n t r o d u c t i o n   o f   e x t e r n a l   h e a t .  

( F i g u r e  40-2 
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F i g u r e  4 0 - 2   s h o w s   t h e   c y c l i n g   a r r a n g e m e n t ,   w i t h   t h e   t h r e e -  
quar ter  i n c h   p l y w o o d   b o x   i n   w h i c h   t h e  c e l l s  a re  mounted (we had t o  
d o   t h i s   f o r   t h e   s a f e t y   p e o p l e  who,  when t h e y   h e a r   t h e  word 
" h y d r o g e n " ,   i m m e d i a t e l y   t h i n k   o f   e x p l o s i o n s ) .  I t  i s  vented   and  we 
have  a h y d r o g e n   d e t e c t o r   t o   g i v e   a n  alarm i f  we s h o u l d   d e t e c t   a n y  
hydrogen.  So f a r  we h a v e   n o t   s e e n   a n y .   T h e   c o o l a n t   u n d e r n e a t h  
p r o v i d e s   t h e  temperature c o n t r o l   f l u i d s   t h a t  w e  c i r c u l a t e d   a r o u n d  
t h e   m o u n t i n g   b a s e p l a t e ,   a n d   o u r   c y c l i n g   c o n s o l e s  are  shown.  They 
c y c l e   a u t o m a t i c a l l y .  We take  d a t a   o n   m a g n e t i c  tape a t  r o u g h l y  
one-week i n t e r v a l s ,  a t  o n e - m i n u t e   i n t e r v a l s   d u r i n g   c h a r g e   a n d  
d i s c h a r g e :   d u r i n g   i n t e r m e d i a t e   c y c l e s  we t a k e  d a t a  a t  ten-minute  
i n t e r v a l s ,  j u s t  i n  case t h e r e  is  a problem so t h a t  we can   r econ-  
s t r u c t  the   anomaly .  We a l s o   h a v e  some alarm c i r c u i t s ,  which w i l l  
c u t  t h e  c e l l  o f f   i f   t h e r e  i s  a n   o v e r d i s c h a r g e   a n d   t h e   v o l t a g e   g e t s  
down below  0.5V per c e l l ,  o r   i f  we h a v e   o v e r c u r r e n t s ,   t h e   c u r r e n t  
e x c e e d s  75A, o r   i f  w e  h a v e   a n   o v e r   u n d e r t e m p e r a t u r e ,   o v e r p r e s s u r e  
o r  we l o s e   f a c i l i t y   p o w e r .  

( F i g u r e   4 0 - 3 )  

One of  t h e   t h i n g s  we wanted t o   d o   i n   t h i s  t e s t  was t o   d e t e r -  
mine  whether we c o u l d  u s e  t h e  same cha rg ing   s cheme  as c u r r e n t l y  
used  on a m o d u l a r   p o w e r   s u b s y s t e m   c h a r g i n g   v o l t a g e - l i m i t e d  temper- 
a t u r e  compensator  ( s ee  F i g u r e   4 0 - 3 ) .   H o w e v e r ,   t h e   l e v e l s  per c a l l  
t h a t   a r e   u s e d   i n   t h e  MPS a r e  t o o   l o w   t o   a c t i v e l y   c h a r g e  a n i c k e l  
h y d r o g e n   b a t t e r y ,   a n d  s o  l e v e l s  5 - 8 c o r r e s p o n d   t o   t h e   l e v e l s  
c u r r e n t l y   i n   t h a t  MPS s t a n d a r d  power r e g u l a t o r   u n i t .   L e v e l s  9 ,  1 0  
and 11 are  o u r   i n v e n t i o n s   a n d   t h e y  a re  s t r i c t l y  j u s t  s e p a r a t e d  by 
200mV w i t h  t h e  same s l o p e  a s  t h e   l o w e r   l e v e l s .  We d o   n o t   h a v e   a n  
a u t o m a t i c a l l y   c o n t r o l l e d   c h a r g e r .  The t e c h n i c i a n  determines t h e  
a v e r a g e  temperature as  measured   by   the   thermocouples ,   and  sets t h e  
v o l t a g e   o n   o n e   o f   t h e s e   t o   w h i c h e v e r   l e v e l   c o r r e s p o n d s   t o   t h e  
measu red   t empera tu re .  

One o t h e r   t h i n g  I o u g h t   t o   m e n t i o n  is  t h a t  we do  have a limi- 
t a t i o n   w i t h   o u r   t h e r m a l   c o n t r o l   s y s t e m   i n   t h e   a m o u n t   o f   h e a t   t h a t  
we c o u l d  t a k e  o u t   o f   t h o s e  c e l l s .  We c a n n o t   o p e r a t e   b e l o w   a b o u t  
8 C on  average,   and  23 C maximum. T h e r e f o r e ,   t h o s e  a re  t h e  two 
t e m p e r a t u r e s  we p icked   because  we d i d   w a n t   t o   g e t  a s  wide a tem- 
pera ture  r a n g e  a s  p o s s i b l e .  

( F i g u r e  40-4 ) 

F i g u r e  40-4 s h o w s   t h e   l o c a t i o n  of  thermocouples.   Thermodyna- 
mists are  n o t o r i o u s   f o r   w a n t i n g  a l o t   o f   t h e r m o c o u p l e s :   t h e y   h a v e  
g o t   p l e n t y   o f   t h e m   t h e r e .  We a r b i t r a r i l y   d e f i n e d  c e l l  t e m p e r a t u r e  
a s  b e i n g   t h e   m i d d l e   t h e r m o c o u p l e   o n   t h e   r i g h t - h a n d  s i d e  i n   e a c h  
case.  T h i s   o n e ,  as  I s a i d  b e f o r e ,   s t a r t e d  a s  a c o n t r o l ,   a n d   t h i s  
c e l l  f a i l e d .  We a r e  now u s i n g   t h i s   f o r   c o n t r o l .  

(F igu re   40 -5 )  
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I s h a l l  j u s t  show  you a f e w   d a t a   p l o t s   f r o m   t h e   e a r l y  p a r t  o f  
t h e   c y c l i n g .   F i g u r e  40-5  shows c e l l  no. 1, a z i r c a r - s e p a r a t o r  
c e l l ,  5 0 %   d e p t h   o f   d i s c h a r g e .  We p l o t t e d   t h e  temperature. We are  
t r y i n g   t o   o p e r a t e  a t  8 C ave rage   nomina l  temperature o n   t h e   m i d d l e  
ce l l .  T h i s  c e l l  is  f u r t h e r   r e m o v e d   f r o m   t h e   c o n t r o l   t h e r m o c o u p l e ,  
a n d   b e c a u s e   o f   t h e   r e d u c e d   d e p t h   o f   d i s c h a r g e   y o u  see v e r y   f l a t  
t e m p e r a t u r e   e x c u r s i o n   a n d   f a i r l y   l o w  temperature. The pressure,  
t h e   v o l t a g e   p l o t ,  we a re  c h a r g i n g   h e r e  a t  50A c o n s t a n t   c u r r e n t  
u n t i l  w e  r e a c h   t h e   v o l t a g e  limit. You can  see t h e   c u r r e n t  taper .  

( F i g u r e   4 0 - 6 )  

We h a v e   t h e  same k i n d   o f   p l o t   f o r  c e l l  no. 2 (F igu re   40 -6 )   and  
c e l l  3 ( F i g u r e   4 0 - 7 ) .  Ce l l s  no. 2 and 3 a re  hooked i n  se r ies  and 
t h e y   c h a r g e   a n d   d i s c h a r g e   i n  s e r i e s .  One t h i n g  we saw r a t h e r  
e a r l y   i n  c e l l  no. 2 i s  t h a t   t r y i n g   t o   o p e r a t e  a t  8 0 %   d e p t h  of 
d i s c h a r g e   l e d   t o  some v e r y   l o w   v o l t a g e s .   T h i s   o n e  is n o t   b a d ,  
down t o   a b o u t  l . l V ,  b u t   r a t h e r   e a r l y   i n   o u r   c y c l i n g  w e  found w e  
had t o  b a c k   o f f   i n   t h e   d e p t h   o f   d i s c h a r g e  we were   t ak ing   on   a lmos t  
as much c a p a c i t y  as was s t o r e d   i n   t h e  c e l l .  

( F i g u r e  40-7 ) 

F i g u r e  40-7 shows c e l l  no. 3 i n   s e r i e s   w i t h  c e l l  no. 2 ,  h a s  
much t h e  same c h a r a c t e r i s t i c s .  Cel l  no. 3 h a s   t h e   a s b e s t o s  
s e p a r a t o r ,   a n d  it seems t o   h a v e  a l i t t l e  more   vo l t age .  It  seems 
t o   p e r f o r m   s o m e w h a t   b e t t e r   t h a n  t h e   z i r c a r   d i d .  

( F i g u r e  40-8 ) 

F i g u r e  40-8  shows a p l o t  o f  e n d - o f - d i s c h a r g e   v o l t a g e   i n  
s e l e c t e d   c y c l e s .  We s t a r t e d   t h e   c y c l i n g  as  shown,   with c e l l s  
no. 2 a n d  3 ,  a t   t h e   v o l t a g e   t e m p e r a t u r e  limit 9 .  Cel l  no. 1 was 
a t  a v o l t a g e   t e m p e r a t u r e  limit o f   8 ,   a n d   c o m p l e t e d   a l m o s t   a l l   o f  
i ts  c y c l i n g  a t  l e v e l   8 .  When w e  had  completed some 1 5 0 0   c y c l e s ,  
w e  d e c i d e d  t h a t  we needed some d a t a  a t  25%  depth ,   and  s o  we 
reduced  t h e  d e p t h   o f   d i s c h a r g e   t o   2 5 % ,   a n d   y o u   c a n  see t h e  
r e s p o n s e   i n   t h e   e n d - o f - d i s c h a r g e   v o l t a g e .  A t  t h e  same time, w e  
reduced  t h e  temperature limit l e v e l   f r o m  7 t o  6 ,  and we f o u n d   t h a t  
t h e   r e t u r n   f a c t o r ,   t h e   c h a r g e - t o - d i s c h a r g e   r a t i o ,  was r a t h e r  
h i g h .   T h e r e f o r e ,  w e  c u t  it back some more,  a t  a b o u t   1 9 0 0   c y c l e s ,  
to l e v e l  6. On c e l l s  no. 2 and 3 w e  s t a r t e d  a t  l e v e l   9 ,   a n d   a f t e r  
1 9 0   c y c l e s ,  we were s e e i n g   v o l t a g e s   b e l o w  1 V  per c e l l  on c e l l  no. 
2 .  We t h e n   w e n t   t o   l e v e l  1 0 ,  a n d   g o t  a s l i g h t l y   b e t t e r   r e s p o n s e  
i n   t h e   d i s c h a r g e   v o l t a g e ,   a l t h o u g h  it  s t i l l  c o n t i n u e s   t o   d e c a y .  
Aga in ,   nea r   600   cyc le s ,  w e  had a p rob lem  wi th  c e l l  no. 2. We had 
a l o w   v o l t a g e  alarm, a n d   t h e  t e s t  s h u t  down. A t  t h a t  time, w e  
t a l k e d   t o  Don Warnock   of   the  A i r  Fo rce ,   and   he   men t ioned   h i s  
p r o b l e m   w i t h   d e c a y   o f   c a p a c i t y   o n  some o f   t h e   e a r l y  c e l l s ,  d u e   t o  
t h e   p o p p i n g  phenomemon,  and  suggested w e  do  a c a p a c i t y   d i s c h a r g e  
and  check how much c a p a c i t y  w e  h a v e ,   a n d   p o s s i b l y   b a c k   o f f   o n   t h e  
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d i s c h a r g e .  We d i d   t h a t .  We measured   abou t  42A h .  We were t a k i n g  
40A h o u t   o n   e a c h   c y c l e ,   a n d  so we b a c k e d   o f f   t o  70%, o r  35A h ,  
a n d   c o n t i n u e d   t h a t   f o r   t h e   b a l a n c e   o f   t h e   2 0 0 0   c y c l e s   t h a t   y o u  see 
i n   F i g u r e  40-8. 

( F i g u r e   4 0 - 9 )  

F i g u r e  40-9  shows a p l o t   o f   t h e  ampere h o u r   r e t u r n   f a c t o r ,   t h e  
c h a r g e   a n d   d i s c h a r g e   r a t i o   c o r r e s p o n d i n g   t o   t h o s e  same p l o t s ,  
a g a i n  a t  a nominal  temperature o f  8 C .  You c a n  see t h e   r e s p o n s e  
o f  c e l l s  no. 2 and  3.  You can  see s o m e t h i n g   o f   a n   i n c r e a s e   i n   t h e  
r e t u r n   f a c t o r  when i t  w e n t   f r o m   l e v e l  9 t o   l e v e l  1 0  a t  1 9 0   c y c l e s ;  
t h e r e  is a n o t h e r   i n c r e a s e  when we b a c k e d   o f f   o n   t h e   d e p t h   o f  
d i s c h a r g e ,   b u t  w e  l e f t   t h e   v o l t a g e   o n   t h e  same, and i t  l e v e l s   o u t  
a t  1 .08 - 1.1. When w e  r eached  a p o i n t  a t  1 5 0 0   c y c l e s ,  we went 
back t o  2 5 %   d e p t h   o f   d i s c h a r g e   f o r  c e l l  no. 1. We g o t  a s i g n i f i -  
c a n t   i n c r e a s e   i n   r e t u r n   f a c t o r ,   e v e n   t h o u g h  we backed   o f f   one  
l e v e l   i n   t h e   v o l t a g e  limit. We t h e n   b a c k e d   o f €   a g a i n ,   a n d   g o t  it 
down t o   a b o u t   1 . 0 8 .  I t  seemed t o  u s  t h a t  a r e t u r n   f a c t o r   a b o u t  
1 .08  i s  about   what   you   need  a t  t h i s  temperature t o   m a i n t a i n  a good 
e n d - o f - d i s c h a r g e   v o l t a g e .  

( F i g u r e  4 0 - 1 0 )  

A s  I s a i d ,  we have   comple t ed   4000   cyc le s  (see F i g u r e  4 0 - 1 0 ) .  
I d o   n o t   h a v e  a l l  t h e  d a t a  w i t h  me, I h a v e   d a t a   t h r o u g h   a b o u t   3 0 0 0  
c y c l e s .  We c h a n g e d   t h e   t e m p e r a t u r e  a t  2000 c y c l e s ,   b e c a u s e   t h e y  
wanted some d a t a  a t  23 C nomina l   t empera tu re .   Aga in ,  w e  a r e  a t  
5 0 %   d e p t h   o f   d i s c h a r g e   f o r  c e l l  no. 1, a n d   t h e   v o l t a g e   t e m p e r a t u r e  
limit is a t  l e v e l  9 t h r o u g h o u t   t h a t .  

For c e l l s  no. 2 and  3,  we a g a i n   e n c o u n t e r e d  a problem a t  a b o u t  
2050 c y c l e s ,   a n d  we r a n   a n o t h e r   c a p a c i t y   d i s c h a r g e .  We a re  s t i l l  
hav ing   p rob lems .   The   vo l t age  i s  g e t t i n g   t o o   l o w ,   a n d  s o  we backed 
o f f   t h e n   t o  6 0 %  d e p t h   o f   d i s c h a r g e ,   o r  30A h ,   o u t   i n   t h e   c y c l e .  
We c o n t i n u e d   t h e   c y c l e   a n d ,  as you  can see i n   F i g u r e  4 0 - 1 0 ,  t h e s e  
v o l t a g e s  a r e  d r o p p i n g   o f f   t h e   g r a p h .   F i n a l l y ,  w e  g o t  a c e l l  
c u t o f f  a t  cyc le   2473 .  We d i d  a c a p a c i t y   d i s c h a r g e   o n  c e l l  no. 2 
t h e r e ,   a n d  I s h a l l  show  you t h e   p r o f i l e   i n  a monent.  The d i s -  
cha rge   p ro f i l e   s eemed   no rma l   enough ;   however ,  when w e  went t o  
c h a r g e  it a f t e r  we h a d   d o n e   t h a t   c a p a c i t y   d i s c h a r g e ,  it would   no t  
r e c h a r g e .  I t  h a d   a n   i n t e r n a l   s h o r t .  

( F i g u r e  40-11)  

F i g u r e  4 0 - 1 1  s h o w s   t h e   r e t u r n   f a c t o r   c o n d i t i o n s   f o r   t h o s e  same 
c y c l e s .  Cel l  no. 1 is  r e l a t i v e l y   u n i f o r m ,   a b o u t   1 . 1 3 ,  1 . 1 4 .  
A f t e r  we took  c e l l  no. 2 o u t   o f   t h e  s e t u p ,  we a r e  r u n n i n g   r a t h e r  
h i g h   r e t u r n   f a c t o r s   o n  c e l l  no.  3,   and we h a v e   s i n c e  c u t  back  on 
t h e   v o l t a g e  limit, and we a re  a b l e   t o   g e t   t h a t  number down t o  
a b o u t  1.1 - 1.3.  
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(F igu re   40 -12)  

F i g u r e  40-12  shows a p l o t   o f  c e l l  no. 2 c a p a c i t y   d i s c h a r g e   f o r  
cyc le   2473 .  I t  seems r a t h e r   n o r m a l   t o   a b o u t   6 0   m i n u t e s .  

We g o t   o u t  27A h t o  1 V  per c e l l ,  and we g o t  40A h o u t   t o  0.5V 
per c e l l .  The scales a re  o f f s e t  as  shown.   Since c e l l s  no.  2 and 
3 were i n  se r ies ,  w e  j u s t  c o n t i n u e d   t o   d i s c h a r g e  c e l l  no. 2 u n t i l  
c e l l  no. 3 r e a c h e d  0.5V, and w e  r e v e r s e d  i t  f o r  1 4  m i n u t e s .  The 
v o l t a g e   d r o p p e d   t o  60mV d u r i n g   t h a t  1 4  m i n u t e   i n t e r v a l ,  when w e  
s t o p p e d   t h e   d i s c h a r g e   a n d   r e c o v e r e d  t o  OV; and as I s a y ,  when we 
t r i e d   t o   c h a r g e  it a f t e r   t h a t ,  it w o u l d   n o t   a c c e p t  a c h a r g e  a t  a l l .  

(F igu re   40 -13)  

Figure  40-13  shows some o f   t h e   c a p a c i t y   d a t a   t h a t  we have  so 
f a r .  When t h e  c e l l s  were r e c e i v e d   i n i t i a l l y ,   t h e y  a l l  showed 
r i g h t  a t  50A h.  Ce l l  no. 1 h a s   s t a y e d   r e l a t i v e l y   c o n s t a n t  a t  t h a t  
v a l u e .   T h e r e ' s  some s c a t t e r ,  o f   c o u r s e ,   b u t  i t  seems t o   b e   h o l d -  
i n g  50A h r a t h e r  well. Cells no. 2 and 3 d r o p p e d   r a t h e r  p rec ip i -  
t o u s l y ;  c e l l  no.  2 ,  on   cyc le   2473 ,  as  we ment ioned  e a r l i e r ,  g o t  
27A h o u t   b e f o r e  i t  f a i l e d .   C a p a c i t y   c h e c k s ,   w h i c h  we have   run   on  
c e l l  no. 3 a f t e r  w e  t ook  c e l l  no. 2 o u t   o f   t h e  t e s t ,  have shown 
some r e c o v e r y .  We a re  now runn ing   abou t   46 ,  47A h .  

In  summary, w e  had t h r e e  c e l l s  o p e r a t i n g .  One c e l l  h a s  
s h o r t e d ,   a n d  we h a v e   n o t   y e t   d i s s e c t e d  i t .  The o t h e r   t w o  c e l l s  
c o n t i n u e   t o   c y c l e ;  w e  a r e  now a t  4 0 0 0  c y c l e s ,   a n d   t h e   o p e r a t i o n  
seems t o  be  normal .  

DISCUSSION 

ROGERS: I have  a c o u p l e   o f   c o m m e n t s ,   r a t h e r   t h a n   q u e s t i o n s ,  
t o  c l ea r  u p  a f e w   t h i n g s .  The popp ing   phenomenon   does   no t   a f f ec t  
t h e  c a p a c i t y   o f   t h e  c e l l ,  because  i t  is a t  t h e   n e g a t i v e   e l e c t r o d e ,  
and  you  have a p o s i t i v e   l i m i t e d  c e l l .  T h e r e f o r e ,   u n l e s s  i t  became 
s e v e r e   e n o u g h   t o  cause v e r y   l a r g e   v o l t a g e   d r o p s   i n   t h e   n e g a t i v e  -- 
which i t  d o e s   n o t ,  a t  l e a s t  u n d e r   a n y   n o r m a l   c o n d i t i o n s  -- you 
w i l l  n o t  see it r e f l e c t e d   v e r y   e a s i l y   i n   t h e  c e l l  c u r v e s .  

S e c o n d l y ,   y o u r   l o s s   o f   c a p a c i t y  is  g e n e r a l l y   c a u s e d  by p o s i -  
t i v e  p l a t e  d e g r a d a t i o n  i n  t h e  c e l l s .  The a s b e s t o s ,   w h i c h   p e r f o r m s  
b e t t e r ,   t e n d s   t o  r e s t r i c t  m i g r a t i o n  mater ia l  o u t   o f   t h e   p o s i t i v e  
p l a t e ,  s o  t h a t   y o u  r e t a i n  y o u r   c a p a c i t y   b e t t e r .   T h e  w a l l  w i c k  i n  
t h e  c e l l  keeps t h e   a s b e s t o s   o p e r a t i n g ,  s o  t h a t   t h e   p e r f o r m a n c e  is 
s imilar  t o   t h a t   o f   t h e   z i r c a r   u n d e r   n o r m a l   c o n d i t i o n s .  

MUELLER: I see. I was u n d e r   t h e   i m p r e s s i o n   t h e   p o p p i n g  
phenomenon was a s s o c i a t e d   w i t h   c a p a c i t y .   T h a n k   y o u .  
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DUNLOP: Why is  it t h a t  you can take a pos i t i ve   e l ec t rode  and 
put   separator   mater ia l   l ike   nylon  adjacent   to  it i n  a n icke l  
cadmium c e l l ,  and you do not   lose  capaci ty ,   a l though you do when 
you put  zirconium  oxide  next  to i t? 

ROGERS: These p a r t i c u l a r   p o s i t i v e s  had a problem w i t h  extru- 
s ion  i n  the  type of mater ia l .  It  i s  not  normally so .  
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TYPICAL PERFOMNCE DATA - CELL 1 TYPICAL PERFOMIICE DATA - CELL 2 

3.8 -60 0 
TU 514-653, NI-HZ  CELL I. DAY I 32, CYCLE 361 

T I M E  - HOURS 

0 . e ~  0.50 I .OO I 50 

VC.) IC+> 
VOLTS AK?S 

1.5 60.8 

1 . 4  40.0 

1.3  2 0 . 0  

1.2 0 . 8  

1 . 1  -20.0 

1 . 0  -48.0 

a.9 -68.0 - 
TU 514-653. NI-HZ  CELL + 2, DAY I 32, CYCLE 347 

3.8 - 8 0 . 0  
T I M E  - HOURS 

0.08 0 50 I .Be I .50 

F i g u r e  40-5 

TYPICAL PERFORPMfJCE DATA - CELL 3 

F i g u r e  40-6 

VC.) I C * >  
VOLTS A3PS 

1 . 5  60.0 

1 . 4  4 0 . 0  

1.3  28.0 

1.2 0 . 0  

1.1 -20.0 

1.0 - 4 0 . 0  

TC > PC-> 
c PSIG 

39 12ca 

25 1008 

20 808 

15 608 

I0 400 

5 280 

0 . 8  - 8 0 . 0  
TU 514-853, NI-HZ  CELL + 3, DAY I 32. CYCLE 347 

T I H E  - HOURS 

rev) PC-) 

38 12a0 

C PSTG 

25 1808 

20 800 

15 608 

I 0  400 

5 208 

8 0  

F i g u r e  40-7 
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EflD OF DISCHARGE VOLTAGE VS CYCLES 
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AFIPERE-HOUR RETURN FACTOR VS CYCLES 

CYCLES 

F i g u r e  4 0 - 1 1  

CELL 2 CAPACITY  DISCHARGE - CYCLE 2473 

: . I . .  . . . . .  
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COMMON PRESSURE  VESSEL  DEVELOPMENT  FOR THE NICKEL 
HYDROGEN TEDHNOLOGY 

G. Holleck 
E I C  

As y o u   h a v e   h e a r d   a l r e a d y ,  w e  have  been ac t ive  i n   t h e   d e v e l o p -  
m e n t   a n d   i n v e s t i g a t i o n   o f   t h e   n i c k e l   h y d r o g e n   s y s t e m   f o r  many 
y e a r s ,   a n d   t o d a y  I s h a l l   p r e s e n t   a n o t h e r   n i c k e l   h y d r o g e n   b a t t e r y  
d e s i g n   w h i c h   i n v o l v e s  a number o f  s t eps ,  w i t h i n  a common pressure  
v e s s e l .  

The n icke l   hydrogen   power   sys tem is ,  l i k e  m o s t   o t h e r   s y s t e m s ,  
g e n e r a l l y   n o t   u s e d   o n  a c e l l  l e v e l ,   b u t  a t  a b a t t e r y   h i g h e r   v o l t -  
a g e .   T h i s   c a n   b e   a c h i e v e d   f o r   n i c k e l   h y d r o g e n  c e l l s  i n  two  ways: 
b y   t a k i n g   i n d i v i d u a l  c e l l s  and   u s ing   t hem  in  s e r i e s ;  o r   b y   a r r a n g -  
i n g  a v a r y i n g  number o f  s tacks  i n  s e r i e s  w i t h i n  a common p r e s s u r e  
v e s s e l .  

A common p r e s s u r e   v e s s e l   a p p r o a c h   h a s   s e v e r a l   a d v a n t a g e s :   i n  
p a r t i c u l a r ,  a h i g h   v o l u m e t r i c   a n d   t o  some d e g r e e   g r a v i m e t r i c  
e n e r g y   d e n s i t y   a n d   v a r i o u s   b e n e f i t s   w i t h   r e s p e c t   t o   c o n s t r u c t i o n  
a n d   c o s t s .   T h e s e   b e n e f i t s   a r e   m o s t   o b v i o u s   f o r   l o w e r   c a p a c i t y  
b a t t e r i e s ,   b u t  may u l t i m a t e l y   b e   e q u a l l y   a t t r a c t i v e   f o r   l a r g e r  
b a t t e r y   m o d u l e s .   F o r   t h e   s u c c e s s f u l   r e a l i z a t i o n   o f  common pres- 
su re  v e s s e l   n i c k e l   h y d r o g e n   b a t t e r i e s ,   o n e   n e e d s   t o   c o n s i d e r  a l l  
t h e   r e q u i r e m e n t s   f o r   i n d i v i d u a l   p r e s s u r e   v e s s e l  c e l l s ,  a n d   t h e r e  
a r e  some e x t r a  r e q u i r e m e n t s   b e y o n d   t h i s .  The d e s i g n   c o n s i d e r a -  
t i o n s  a re :  pe r fo rmance  parameters,  e l e c t r o l y t e   m a n a g e m e n t ,   o x y g e n  
management,   thermal  management,   which a r e  t h e   t h r e e   m a j o r  a r eas ;  
o t h e r   c o n s i d e r a t i o n s  a r e  t h e  hardware  aspects  o f  a s u i t a b l e  c e l l ,  
which i s  common t o  a l l  n i c k e l   h y d r o g e n  c e l l s .  

Some s p e c i f i c   p r o b l e m s  m u s t  be   add res sed   w i th  common p r e s s u r e  
v e s s e l   n i c k e l   h y d r o g e n   b a t t e r y   d e s i g n s .  F i r s t ,  t h e r e  i s  t h e  
p r o b l e m   o f   e l e c t r o l y t e   b r i d g e s .   E l e c t r o l y t e   b r i d g i n g   i n  a c e l l  
s t a c k  m u s t  b e   a v o i d e d ,   a n d   i f   s u c h   e l e c t r o l y t e   s h u n t s   d o   o c c u r ,  
one  problem i s  a l o s s   o f   e f f i c i e n c y ,   b e c a u s e   c u r r e n t  is p a s s e d  
t h r o u g h   t h e s e .   T h i s ,   h o w e v e r ,  is n o t   r e a l l y   t h e   m a i n   p r o b l e m .  
The  main  problem is  t h a t   w h e n e v e r   s u c h  a s h u n t   d u e   t o   t r a n s f e r e n c e  
o f   i o n s   o c c u r s ,   p o t a s s i u m   h y d r o x i d e  i s  t r a n s f e r r e d   f r o m   o n e  s t ack  
e l e m e n t   i n t o   a n o t h e r ,   e l e c t r o l y t e   i n   o n e  i s  d i l u t e d ,   a n d  is  con- 
c e n t r a t e d   i n t o   t h e   o t h e r .  T h i s  i s  a u n i d i r e c t i o n a l   p r o c e s s   a n d  
t h e r e f o r e  is  d e t r i m e n t a l   t o   l o n g - t e r m  c e l l  l i f e .   I n t e r s t a c k  
e l e c t r o l y t e   d i s t r i b u t i o n  is  i m p o r t a n t .   T h e r m a l   b a l a n c e  m u s t  be  
c o n s i d e r e d ,   b e c a u s e  now t h e r e  i s  n o t   o n l y   t h e   p r o b l e m   o f   l o s i n g  
e l e c t r o l y t e   f r o m   t h e   w h o l e  s t a c k  t o   t h e   v e s s e l ,   b u t   a l s o   t h e  
p r o b l e m   o f   t r a n s f e r r i n g   e l e c t r o l y t e s   f r o m   o n e  s t a c k  i n t o   t h e  
n e i g h b o r i n g  s tack .  A prac t ica l  way o f  s t ack  i n t e r c o n n e c t i o n s  m u s t  
be   found ,   and   t he re  i s  a p o t e n t i a l l y   i n c r e a s e d   c h e m i c a l  s t r e s s ,  
wh ich   comes   f rom  the   h igh   vo l t age   be tween  some p a r t s  i n   t h e  c e l l ,  
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p o s s i b l y   c a u s i n g   e l e c t r o l y s i s  a t  h i g h   c u r r e n t   d e n s i t i e s ,   w h i c h   c a n  
l e a d   t o   h y d r o g e n   e m b r i t t l e m e n t ,   f o r   e x a m p l e  -- p r o b l e m s   t h a t   d o  
n o t   o c c u r   t o   t h a t   e x t e n t   i n   i n d i v i d u a l   p r e s s u r e   v e s s e l s .  

( F i g u r e  4 1 - 1 )  

We have   deve loped  a n i c k e l   h y d r o g e n  c e l l  d e s i g n   t h a t   a d d r e s s e s  
a l l  t h e s e   p o t e n t i a l   p r o b l e m  areas  a n d   h a s  much i n  common w i t h  
c o m p o n e n t s   o f   p r e s e n t   i n d i v i d u a l  p ressure  v e s s e l   n i c k e l   h y d r o g e n  
ce l l s .  L e t  me d e s c r i b e   t h i s   c o n c e p t .  I t  c o n s i s t s   o f   i n d i v i d u a l  
n i c k e l   h y d r o g e n  c e l l  s t acks  e n c l o s e d   i n   t h i n - w a l l   T e f l o n   c u p s   t h a t  
s i t  o n   t o p   o f   e a c h   o t h e r ,   a n d   t h e n   t h e r e  i s  a s e r i e s  i n t e r c o n n e c -  
t i o n   i n   t h e  c e l l  s tack .  We h a v e   h e r e   c h o s e n   f u r t h e r  e l l i p t i c a l  
domes i n s t e a d   o f   t h e   h e m i s p h e r i c a l   d o m e s .  One a d v a n t a g e   o f   t h e s e  
is a smaller common hydrogen   gas  space, and a b e t t e r   s t a c k i n g   o f  
b a t t e r i e s .  The i n d i v i d u a l   p r e s s u r e   v e s s e l s   h a v e   o p p o s i t e  termi- 
n a l s   o n   o p p o s i t e s   s i d e s ,   w h i c h   e n h a n c e s   t h e   s y m m e t r y   o f   t h e   b a t -  
t e r y   a n d   a l s o   r e d u c e s   t h e   h e a t   g e n e r a t i o n   d u e   t o   t h e   c o n n e c t i o n s .  

( F i g u r e  4 1 - 2 )  

F i g u r e  41-2   shows  an   ind iv idua l  s t ack  w i t h   t h e   i n t e r l o c k i n g  
T e f l o n  cups; and   t he   na r row  spaces   be tween   t he   two   cups   and  
b e t w e e n   t h e   T e f l o n  wall  a n d   t h e   v e s s e l   p r o h i b i t   o r   i n h i b i t   t h e  
f o r m a t i o n   o f   e l e c t r o l y t e   s h u n t s .  The s t a c k  i t s e l f  i s  i n   t h e  
c o n f i g u r a t i o n   o f  a s i n g l e   e l e c t r o d e   a r r a n g e m e n t ,   a n d   s o l v e s   t h e  
oxygen  management aspect  where  oxygen i s  e v o l v e d   f r o m   t h e   n i c k e l  
e l e c t r o d e   a n d   r e c o m b i n e d  a t  t h e   f o l l o w i n g   h y d r o g e n   e l e c t r o d e .  We 
then   have   r e se rvo i r   componen t s   and  a w i c k .  

N a t u r a l l y ,   i n  a s e r i e s  a r r a n g e m e n t ,   y o u   h a v e   t o   s o l v e   t h e  
p r o b l e m   o f   e l e c t r o l y t e   m a n a g e m e n t   s e p a r a t e l y   f o r   e a c h  s tack.  
T h e r e f o r e ,   t h e   s u c c e s s f u l   m e t h o d   o f  a common wal l  w i c k ,  which 
w o u l d   r e t u r n   e l e c t r o l y t e   f r o m   t h e   b o t t o m   o f   t h e  pressure v e s s e l ,  
c a n n o t  be used i n  a common p r e s s u r e   v e s s e l   a r r a n g e m e n t .  You 
t h e r e f o r e   h a v e   t o   s o l v e   t h e   e l e c t r o l y t e   m a n a g e m e n t   w i t h i n   e a c h  
s tack  i n d i v i d u a l l y .   T h i s  i s  d o n e   b y   t h e s e   r e s e r v o i r   c o m p o n e n t s  
a n d   t h e  w i c k  s t r u c t u r e ,   w h i c h   h e l p s   t o   e q u i l i b r a t e   t h e   e l e c t r o l y t e  
and keep it e q u i l i b r a t e d   t h r o u g h o u t   t h e  s tack .  The mechan ica l  
i n t e r c o n n e c t i o n  i s  d o n e   b y   s u c h   p i n   c o n n e c t o r s ;   t h i s   a l l o w s   t h e  
use of t h e   s t a n d a r d   p i n e a p p l e - s l i c e   s h a p e d   e l e c t r o d e s   w i t h o u t   a n y  
r e s t r i c t i o n s   w i t h   r e g a r d   t o   t h e   s i z e   o f   t h e  s tack  o r   t h e  number o f  
s t acks  p u t  i n  s e r i e s .  

I h a v e   m e n t i o n e d   t h e   e l e c t r o l y t e   m a n a g e m e n t  aspect .  L e t  me 
ment ion  a f e w   o t h e r   b e n e f i t s   o f   t h i s  cup a r r angemen t .  I t  mini -  
m i z e s   e l e c t r o l y t e   l o s s .  We h a v e   o p e r a t i o n   a n d   c o n d e n s a t i o n  
m e c h a n i s m s   w i t h i n   t h e   e l e c t r o d e  s tack .  I t  p r o v i d e s   g o o d   h e a t  
d i s s i p a t i o n ,   s i n c e  it d o e s   n o t   c o m p r o m i s e   t h e   h e a t   d i s s i p a t i o n  
c o m p a r e d   w i t h   i n d i v i d u a l   p r e s s u r e   v e s s e l s .  The r e a s o n  i s  t h a t  you 
replace h a l f   o f   t h e   g a s   g a p   b e t w e e n   t h e   e l e c t r o d e s   a n d   t h e  pres- 
su re  v e s s e l   w i t h  a t h i n   l e v e l   o f   T e f l o n .   H o w e v e r ,   t h e   t h e r m a l  
c o n d u c t i v i t y   o f   t h e   T e f l o n  i s  a l i t t l e  b e t t e r   t h a n   h y d r o g e n   g a s .  
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Now l e t  me men t ion  a f e w   o f  our e x p e r i m e n t a l  r e s u l t s .  We have 
t a k e n   t h i s   c o n c e p t   a n d   h a v e   b u i l t   a c t u a l   l a b o r a t o r y   h a r d w a r e .  
T h a t  i s ,  t h e   e l e c t r o d e   s i z e   a n d   d i m e n s i o n s  a re  t h e  same as  are 
u s e d   t o d a y   i n   i n d i v i d u a l   p r e s s u r e  vesse ls ,  b u t  w e  have  housed  them 
i n   b o i l e r p l a t e   c o n t a i n e r s .  We h a v e   b u i l t   s u c h  c e l l s  w i t h   a b o u t  
1 0 A  h c a p a c i t y   a n d   u p   t o  5 c e l l s  i n  se r ies ,  n o t   b e c a u s e   t h i s  i s  a 
limit, b u t   b e c a u s e  w e  t h i n k  i t  is a c o n v e n i e n t   s i z e   t o  t e s t  and 
p r o v e   t h e   c o n c e p t .  

(F igu re   41 -3 )  

F i g u r e  41-3  shows a c h a r g e / d i s c h a r g e   c u r v e   f r o m   s u c h  a 5 - c e l l  
s e r i e s  b a t t e r y .  I t  l o o k s   e x a c t l y   t h e  same as a n   i n d i v i d u a l  pres- 
s u r e  v e s s e l   c y c l e ,   e x c e p t   f o r   t h e   v o l t a g e  scale. The t e s t  c y c l i n g  
r e g i m e   t h a t  w e  used i s  t h e   a c c e l e r a t e d   n e a r - E a r t h   o r b i t   r e g i m e .  
You see a 35-minute   d i scharge ,   one-hour   charge .  We g e n e r a l l y   u s e d  
between 80  and 1 0 0 %  d e p t h   o f   d i s c h a r g e .   I n   m o s t   o f   t h e  measure- 
m e n t s   t h e   d e p t h  of d i s c h a r g e  is  a lmos t   100%  o f  ac tua l  c a p a c i t y .  

( F i g u r e  4 1 - 4 )  

F i g u r e  41-4 g i v e s   y o u   a n   i d e a   o f  some r o u t i n e   c y c l i n g   o f   s u c h  
c e l l s .  They a r e   d i s c h a r g e d   a l m o s t   t o   t h e   c u t o f f ,   v e r y   c l o s e   t o  
the  1 0 0 %  limit. 

(F igure   41 -5 )  

To d e t e r m i n e   t h e   c a p a c i t y  w e  c o m p l e t e l y   d i s c h a r g e   t h e  c e l l  
p e r i o d i c a l l y .  We w o u l d   t y p i c a l l y   d i s c h a r g e  it a t  t h e   h i g h   r a t e   t o  
1 V  p e r  c e l l  s t a c k ,  a n d   t h e n   c o n t i n u e   d i s c h a r g e  down t o  OV a t  a b o u t  
a C/5 r a t e .  I n   a d d i t i o n   t o   t h e   t o t a l   b a t t e r y   v o l t a g e ,  w e  measure 
i n d i v i d u a l  stack v o l t a g e s .   F i g u r e  41-5  shows  such a d i s c h a r g e  a t  
t h e   h i g h  r a t e ,  fo l lowed  by  a t  t h e   l o w  r a t e .  T h i s  is  a b a t t e r y  
w i t h   f o u r  c e l l  s t a c k s   i n  s e r i e s .  

( T a b l e  41 -1 )  

Tab le  4 1 - 1  g i v e s  a s h o r t  summary o f  some t e s t  r e s u l t s .  As you 
can  see,  t h i s  is  a 5 - c e l l   b a t t e r y   t h a t   h a s   g o n e   o v e r   1 3 0 0   c y c l e s :  
t h e   h i g h - r a t e   c a p a c i t y   a n d   t h e   f o l l o w - o n   c a p a c i t y  are  shown.  In 
t h e  l a s t  column i s  t h e   t o t a l   c a p a c i t y  a t  t h e   r a t e   d i s c h a r g e   w i t h  
no s i g n i f i c a n t   c h a n g e s .  

Tab le  41-2 g i v e s  r e s u l t s  f r o m   a n o t h e r   b a t t e r y   t h a t  we a re  
c y c l i n g  . 

(Table   41-2)  

T h i s  i s  a 4-cell b a t t e r y ,   w h i c h   h a s   g o n e   n e a r l y   2 5 0 0   c y c l e s  
and is a l s o   d o i n g  wel l ,  c o n t i n u i n g   o n   c y c l e .  



I n  summary, t h i s  common p r e s s u r e   v e s s e l   n i c k e l   h y d r o g e n  c e l l  
d e s i g n   h a s   t h e   f o l l o w i n g   k e y   f e a t u r e s :  it e l i m i n a t e s   e l e c t r o l y t e  
b r i d g i n g ;  it p r o v i d e s   f o r   i n d e p e n d e n t   e l e c t r o l y t e   m a n a g e m e n t   f o r  
e a c h   u n i t  s t ack ;  i t  p r o v i d e s   f o r   i n d e p e n d e n t   o x y g e n   m a n a g e m e n t   f o r  
e a c h   u n i t  s t ack ;  i t  h a s   g o o d   h e a t   d i s s i p a t i o n ;  it h a s  a mechan- 
i c a l l y   s o u n d  and p r a c t i c a l  i n t e r c o n n e c t i o n ;  i t  h a s   t h e  maximum i n  
common w i t h  s t a t e  of t h e  a r t  i n d i v i d u a l   p r e s s u r e   v e s s e l   t e c h n o -  
l o g y .  And, l a s t  b u t   n o t  l e a s t ,  i t  a c t u a l l y   w o r k s .  

L e t  me a c k n o w l e d g e   t h e   s u p p o r t   o f   t h e  A i r  F o r c e   f o r   t h i s   w o r k .  

D I S C U S S I O N  

RITTERMAN: Have y o u   d o n e   a n y   c a l c u l a t i o n s   w i t h   r e g a r d   t o   t h e  
s p e c i f i c   e n e r g y   a n d   t h e   e n e r g y   d e n s i t y  t h a t  an  X c e l l  number  would 
have  as  o p p o s e d   t o  a s i n g l e  c e l l ?  

HOLLECK: No, we h a v e   n o t   d o n e   a n y  d e t a i l e d  c a l c u l a t i o n s  a t  
t h i s  time. B a s i c a l l y ,   m o s t   o f   t h e s e   c a l c u l a t i o n s   h a v e   b e e n   d o n e  
by Don Warnock. I t  has been   de t e rmined  t h a t  i f  you   can   ach ieve  
s u c h  a b a t t e r y   w i t h o u t   h a v i n g   t o  accept an  undue  number  of  compli-  
c a t i o n s   a n d   i n e f f i c i e n c i e s ,  i t  would be a des i r ab le  s t e p   t o  take .  
T h u s  t h e   o b j e c t i v e   o f   t h i s   p r o g r a m  was t o   d e t e r m i n e   t h e   f e a s i b i l -  
i t y  of such   an   approach ,   and   t o   de t e rmine   wha t   t ype   o f   compromises  
y o u   h a v e   t o  m a k e ,  i f  any.  

Coming back t o  y o u r   q u e s t i o n ,   w i t h o u t   h a v i n g   d o n e   a c t u a l  
c a l c u l a t i o n s ,   t h e   g r a v i m e t r i c   e n e r g y   d e n s i t y   o f   t h i s   d e s i g n  a s  we 
have i t  i n  t h e  c e l l  stack is  i d e n t i c a l   t o   w h a t   y o u   h a v e   i n   i n d i -  
v i d u a l  pressure v e s s e l s .   T h e r e  are  some w e i g h t   s a v i n g s  due  t o  
us ing   one  pressure v e s s e l ,   o n e  s e t  o f   t e r m i n a l s   a n d  s o  on.   There-  
f o r e ,   i n   t h e  common h a r d w a r e ,   i f   y o u   w a n t   t h e  same c a p a c i t y ,   t h e  
pressure v e s s e l  i s  n a t u r a l l y   s o m e w h a t   l a r g e r   t h a n   i n   a n   i n d i v i d -  
u a l .   E x a c t l y  how much these s a v i n g s  a re  I c a n n o t  t e l l  y o u   i n  
q u a n t i t a t i v e  terms a t  t h a t   p o i n t .  

STOCKEL: How d i d  you p u t  t h e   e l e c t r o l y t e   i n   t h a t  c e l l ?  

HOLLECK: We have   looked  a t  two  ways. One way i s  j u s t  t o   d o  
it i n   t h e  same way as  you   do   i n   no rma l  ce l l s :  you p u t  vacuum 
i m p r e g n a t o r .   S i n c e   y o u   h a v e   n a r r o w   h y d r o p h o b i c   c h a n n e l s ,   t h e  
e l e c t r o l y t e   c o n n e c t i o n  w i l l  break up. I t  w i l l  n o t   b e   s t a b l e .  
However, I t h i n k   t h a t  a be t t e r  way t o   d o  i t  is  t o   a c t u a l l y  p u t  a 
p r e d e t e r m i n e d   a m o u n t   o f   e l e c t r o l y t e   i n t o   e a c h  s t a c k ,  r a t h e r   t h a n  
t o  do it t h e  common way. I n   m o s t   o f   o u r   l a b o r a t o r y   w o r k ,  w e  meter 
i n t o   e a c h  s t ack  a c e r t a i n   p r e d e t e r m i n e d   a m o u n t   o f   e l e c t r o l y t e .  We 
vacuum  and e q u i l i b r a t e  i t  under   vacuum.   Natura l ly ,  w e  d o   n o t  j u s t  
h a v e   t h e  ce l l s  w i t h   t h e   c u p s   o p e n   t o   t h e   t o p .   T h e y   h a v e   t o  work 
i n   e v e r y   d i r e c t i o n ,   a n d  we d o   t u r n   t h e m  ups ide  down w i t h  t h e  cups 
down.  The cups a r e  r e a l l y  j u s t  a n   i n s u l a t i o n   o f   t h e  s tack t o  
p r e v e n t   e l e c t r o l y t e   b r i d g i n g .   H o w e v e r ,  it is  n o t  a cup i n   t h e  
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s e n s e   t h a t  it c o n t a i n s   l i q u i d .  A l l  e l e c t r o l y t e  is a b s o r b e d ,  as it 
is i n   n o r m a l  n i c k e l  hydrogen  ce l l s ,  i n   t h e   p o r o u s  medium o f   t h e  
e l e c t r o d e   o r   t h e   s e p a r a t o r .  

STOCKEL: So, i n  a l i g h t w e i g h t  c e l l ,  p re sumab ly   you   have   t o   do  
t h e   w e l d i n g   a f t e r   t h e   e l e c t r o l y t e   l o a d i n g ?  

HOLLECK: Yes. 

GASTON: Did  you  ever measure t h e   s e l f - d i s c h a r g e  r a t e?  I f   y o u  
d i d ,  how d o e s  it c o m p a r e   w i t h   t h a t   o f  a s i n g l e  c e l l ?  

HOLLECK: We m e a s u r e d   t h e   s e l f - d i s c h a r g e  r a t e ,  and i t  compares  
e x a c t l y   w i t h   t h a t   o f  a s i n g l e   o r   i n d i v i d u a l  c e l l .  We u s e d   t h i s  
t e c h n i q u e ,   b e c a u s e  it is  a v e r y   s e n s i t i v e  measure, f o r   a n y  e lec-  
t r o l y t e   s h u n t s .   I f   y o u   h a v e ,   s a y ,   5 - c e l l  s t acks  i n  se r ies ,  and i f  
t he re  is a s h u n t   b e t w e e n   t h r e e   o f   t h e m ,   f o r   e x a m p l e ,   a n d   y o u  l e t  
them s i t  t h e r e   a n d   t h e n   a f t e r  7 2  h o u r s   d i s c h a r g e   t h e  r e s t  o f   t h e  
c a p a c i t y ,   y o u  see a b i g   i m b a l a n c e .   I n  f a c t ,  we see no  change a t  
a l l ,  which i s  p r o o f   t h a t   t h e r e  is  n o   l e a k a g e   c u r r e n t .  

LEAR: Did  you measure a n y   t e m p e r a t u r e s   o n   t h e  case o f   t h e  
c e l l s ?  Was i t  d i f f e r e n t   f r o m  j u s t  a s i n g l e   c e l l ?  

HOLLECK: We measured temperatures,  and   the   measurements  we 
have a re  t h e  same as  f o r   s i n g l e  c e l l s .  

DYER: E a c h   i n d i v i d u a l  s t ack  h a s  i t s  own wall  w i c k .  What do  
you m a k e  t h i s  wal l  w i c k  f rom? I t  is a t t a c h e d   t o   t h e   T e f l o n .  Is 
it  a permanent  wal l  wick?  

HOLLECK: I n   t h e s e  c e l l  s t a c k s  i t  is j u s t  a p i e c e   o f   n y l o n ,  
P e l l o n .   U l t i m a t e l y   y o u   d o   n o t   w a n t   t h e   n y l o n   i n   t h e r e .   H o w e v e r ,  
any th ing   po rous   works .   The re  i s  no   magic   about   the  w i c k .  

DYER: I t  is  p r e t t y  s t a t i c ,  i t  d o e s   n o t   s h i f t   a r o u n d ?  

HOLLECK: Once you p u t  i t  i n  i t  i s  wedged  between  the  Teflon 
wall  a n d   t h e   e l e c t r o d e   p a c k a g e .  I t  w i l l  n o t  move anywhere.  

STADNACK: Have  you  had  any c e l l  s h o r t s   i n   t h e s e   s t a c k s ?  
U s u a l l y  when w e  h a v e   s e e n  a c e l l  s h o r t i n g ,   g e n e r a l l y  it is  a l l  
k i n d s   o f   n o x i o u s   c o m p o u n d s   o f   u n i d e n t i f i a b l e   d e s c r i p t i o n s .  Have 
you   had   any   sho r t ,   and   does  it a f f e c t   t h e   p e r f o r m a n c e  of  t h e  
r ema in ing  s tacks?  

HOLLECK: We had a s h o r t   i n   o n e  case, and it d i d   n o t   a f f e c t  
t h e   o t h e r  cases. I t  was a r e a l  s h o r t ,   a n d  w e  c y c l e d   t h i s   b a t t e r y  
w i t h   t h e   o n e   s h o r t e d  s tack f o r  a l o n g  time a f t e r w a r d s .  I d o   n o t  
remember t h e  exact  number o f   c y c l e s .  
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STADNACK: Did it s h o r t  when it had a s h o r t   o n  i t ,  o r  d i d  it 
f o r t u i t o u s l y   s h o r t ,   s u c h  as a t  t h e   e n d   o f   d i s c h a r g e ?  

HOLLECK: I c a n n o t  t e l l  y o u   e x a c t l y  when it s h o r t e d .  

STADNACK: Did you disassemble it? 

HOLLECK : Yes. 

STADNACK: Then  you  could t e l l .  

HOLLECK: From t h e   d i s a s s e m b l y  I t h i n k  i t  d i d  n o t   s h o r t  w i t h  
f u l l   c h a r g e ,  because it d i d  n o t   l o o k   t o o  bad. 

STOCKEL: Did I u n d e r s t a n d   y o u   t o   s a y   t h a t   t h e  r a t e  c o n s t a n t s  
f o r   t h e   s e l f   d i s c h a r g e  a re  t h e  same i n   y o u r   h i g h   v o l t a g e  c e l l  a s  
t h e y  were i n   t h e  c e l l s  w i t h   e l e c t r o d e s   i n  p a r a l l e l ?  

HOLLECK: Yes. I f   you  measure t h e  r a t e  o f   s e l f   d i s c h a r g e ,   y o u  
h a v e   t o  somehow n o r m a l i z e  i t ,  s a y ,  per c a p a c i t y ,   a n d   o n   t h a t  
bas i s ,  i t  i s  t h e  same. When I s a y   c a p a c i t y ,   i f  I h a v e   f i v e  1 0 A  h 
s t a c k s ,  t h a t  c e l l  w o u l d   s e l f   d i s c h a r g e ,   t h e  pressure  would go down 
t h e  same way a s  a 50A h i n d i v i d u a l  c e l l .  The s e l f   d i s c h a r g e  is a 
r e a c t i o n   o f   h y d r o g e n  w i t h  t h e   n i c k e l   e l e c t r o d e .   B a s i c a l l y  i t  d o e s  
n o t  care how t h e  n i c k e l   e l e c t r o d e  i s  i n t e r c o n n e c t e d   i n   t h e  c e l l .  

RITTERMAN: I t  i s  t h e   s u r f a c e  area? 

HOLLECK: I d o   n o t   e x a c t l y  know what  it is .  With  normal,   more 
or less s t a n d a r d   e l e c t r o d e s   t h a t   e v e r y b o d y   u s e s ,   a r o u n d   3 0 - m i l  
t h i c k n e s s   a n d  s o  on ,  i t  is  e i t h e r   p r o p o r t i o n a l   t o   c a p a c i t y  or  t o  
s u r f a c e  area,  or wha teve r .  The r e a s o n  t h a t  I c a n n o t  t e l l  e x a c t l y  
is because  a l l  t h e s e   e l e c t r o d e s   h a v e   a b o u t   t h e  same r a t i o  of 
s u r f a c e  a rea  t o   c a p a c i t y .   I f  I r e a l l y   w a n t e d   t o   d i f f e r e n t i a t e ,  I 
s h o u l d   h a v e   t o   h a v e  some e l e c t r o d e s   w i t h   t h e  same s u r f a c e  a rea ,  
b u t  v a s t l y   d i f f e r e n t   c a p a c i t y ,   o r   t h e   o t h e r  way around.  

WARNOCK: I t h i n k  I can  answer P a u l  R i t t e r m a n ' s   q u e s t i o n   a b o u t  
t h e   e n e r g y   d e n s i t y .  We d i d  t h e  c o m p u t e r   s t u d i e s   o n   e n e r g y   d e n s i t y  
and common pressure  v e s s e l   m o d u l e s   i n   p r e p a r a t i o n   f o r   t h e   p r o c u r e -  
men t   fo r  Dr. H o l l e c k ' s   c o n t r a c t .  I t  t u r n s   o u t   t h a t  t h e  i n c r e a s e  
i n   w e i g h t   e n e r g y   d e n s i t y  is  n o t   v e r y  dramatic. For a s ix-ce l l  
module it is ,  I t h i n k ,   a r o u n d  a 1 7   o r   1 8 %   g a i n  f o r  a s i n g l e  c e l l .  
The b i g g e s t   g a i n   c o m e s  when you  go  f rom  one c e l l  t o  two c e l l s ;  
t h e r e  i s  a smaller g a i n  when you  go t o   t h r e e  c e l l s ,  a smaller g a i n  
t o   f o u r  c e l l s  and s o  on .   There  is  a l w a y s   a n   i n c r e a s e   i n   e n e r g y  
d e n s i t y   o n   g o i n g   t o   h i g h e r   n u m b e r s   o f  c e l l s ,  b u t  t h a t  i n c r e a s e  
w i t h  e a c h   a d d i t i o n a l  c e l l  g e t s   v e r y  small v e r y   s o o n .  By t h e  time 
y o u   h a v e ,   s a y ,   f o u r   t o   s i x  c e l l s  i n  se r ies  i n   o n e  pressure v e s s e l ,  
y o u   h a v e   m o s t   o f   y o u r   e n e r g y   d e n s i t y   g a i n ,   a n d  a t  a b o u t  a s ix-ce l l  
module it w i l l  be a 15-18%  improvement i n   e n e r g y   d e n s i t y .  The 
improvement w i t h  t h e  common p r e s s u r e   v e s s e l  comes i n  volume  energy 
d e n s i t y   a n d   i n   c o s t .  
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RITTERMAN: Once t h e   v o l u m e   e n e r g y   d e n s i t y   g o e s ,   t h e r e  is a 
c e r t a i n  number o f   m o l e s   o f   h y d r o g e n   t h a t   y o u   h a v e   t o   c o n s u m e ,  
w h e t h e r   y o u   c o n s u m e   t h a t   i n   f i v e  separate ce l l s  o r   i n   f i v e  ce l l s  
i n  a common pressure v e s s e l .   T h e r e f o r e ,  I t h i n k   t h a t   u n l e s s   y o u  
are  w i l l i n g   t o   g o   t o   h i g h e r  pressures ,  I d o   n o t  see the   vo lume  
g a i n   i n   t h a t .  

HOLLECK: I t h i n k   t h e   r e a l l y   b i g   d i f f e r e n c e  i s  n o t   i f   y o u   l o o k  
a t  t h e   i n t e r n a l   v o l u m e   o f  a c e l l ,  b u t   i f   y o u   l o o k  a t  t h e  a c t u a l  
volume  of a b a t t e r y ,   s a y ,   t h e  space you  need t o   p a c k a g e  a b a t t e r y  
i n t o .   I f   y o u   w a n t  a 10A h b a t t e r y   w i t h  28V, for   example ,   you   have  
a l o t   o f   t h e s e  l i t t l e  r o u n d   t h i n g s   w h i c h   d o   n o t   p a c k   v e r y  well  and 
y o u   h a v e   t o  p u t  -- 

FOUGERE: Have y o u   t e s t e d   y o u r   d e s i g n   a c c o r d i n g   t o   m e c h a n i c a l  
e n v i r o n m e n t a l   s p e c i f i c a t i o n s ?  

HOLLECK: We h a v e   n o t   y e t  tes ted t h i s   i n   a n y   v i b r a t i o n a l   o r  
o t h e r  mode. 

FOUGERE: So you   do   no t  know t h e   b e h a v i o r ,   b e i n g   a n   i n t e r c o n -  
n e c t i n g   s y s t e m ?  

HOLLECK: I d o   n o t   t h i n k   t h e r e  w i l l  b e ,  b u t   t h e r e  may be some 
e n g i n e e r i n g   t h a t  i s  necessa ry   t o   accommoda te   wha teve r  G f o r c e s  and 
so on  you  might  want t o   h a v e .  

L e t  me j u s t  m e n t i o n   t h a t   t h e s e   i n d i v i d u a l  s t a c k s  a r e  s e t  on 
t o p   o f   e a c h   o t h e r ,   a n d  a t  t h e   e n d   o f   t h e   w h o l e  s tack  you   have   t he  
same t y p e   o f   r e s t r a i n i n g   p l a t e   t h a t   y o u   w o u l d   h a v e   i n   a n   i n d i v i d -  
u a l  s t a c k  h e r e .   T h e r e f o r e ,   h o l d i n g   t h e   w h o l e   p a c k a g e   i n   t h e  c e l l  
is  no d i f f e r e n t   i n   t h e  s e r i e s  a r r a n g e m e n t   f r o m   i n   t h e   i n d i v i d u a l  
a r r angemen t .  The p i n s   d o   n o t   h o l d  i t .  

MILLER:  From o u r   m a n u f a c t u r i n g   e x p e r i e n c e ,  w e  t h i n k   t h a t  i t  
is p r o b a b l y  be t t e r  n o t   t o   h a v e   e l e c t r o l y t e   i n   t h e  same room a s  you 
a re  p e r f o r m i n g   t h e  c e l l  c l o s u r e   o p e r a t i o n .  Have y o u ,   o n   t h i s  
p r o g r a m ,   a c t u a l l y  welded u p  p r e a c t i v a t e d  c e l l s  i n  a l i g h t w e i g h t ,  
f l i g h t - t y p e   d e s i g n ?  

HOLLECK: We h a v e   n o t  welded u p  c e l l s  y e t .  The c e l l s  t h a t  we 
u s e  a r e  b o i l e r p l a t e   v e s s e l s .  

MILLER: Do y o u   a n t i c i p a t e  a s p e c i a l   p r o b l e m   i n   t h i s  a rea?  

HOLLECK: You e n c o u n t e r   s p e c i a l   p r o b l e m s   e v e r y w h e r e .  Compara- 
t i v e l y ,  I s h o u l d   s a y   t h a t   t h e   m a i n  issue,  and t h a t  i s  t h e  issue w e  
a r e  a d d r e s s i n g ,  is  whether   such  c e l l s  a re  f e a s i b l e ,   a n d   w h e t h e r  
t h e y  a r e  s o u n d   f r o m   t h e   c h e m i s t r y   a n d   f r o m   t h e  bas ic  c o n s t r u c t i o n .  
We h a v e   n o t   e v e n   t r i e d   t o   s o l v e  a l l  t h e  d e t a i l e d  e n g i n e e r i n g  
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problems, b u t  I f e e l  q u i t e  c o n f i d e n t   t h a t  w e  c a n   f i n d  a method of 
w e l d i n g   t h e s e  c e l l s  w i t h o u t   a n y   d i f f i c u l t y .  You c e r t a i n l y   d o   n o t  
want t o  vacuum-weld  them i n  a n  e l e c t r o n  beam welder.   However,  I 
do n o t   t h i n k  t h a t  i s  t h e  o n l y   p o s s i b i l i t y .  
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CPV NI/H2 BATTERY NO, 5 - CYCLE HISTORY 

D I S C H A R G E   C H A R A C T E R I S T I C S  

CURRENT CAPACITY  f l9V  
K L E  NO. A An 

46 13.5  9.1  5.85 

204 13 .5   8 .8   6 .1  

42c 13.5 8.37 6 .1  

656 

12.25  9.07 6 . 1  1311 

11.135 9.05  6 .1  836 

11.7  8.89  6.05 

-DISCHARGE COYTINUED A T  2A. 

Table 41-1 

CPV SI/Y2 CATTERY NO. 3 - C Y C L E  I l lSTORY 

C A P A C I T Y  
TOTAL 

A H  

10.5 

10.28 

9.31 

9.87 

10.31 

10.17 

~ I S C M A Q G E  C H A R A C T E R I S T I C S  
T O T A L  

C Y C L E  No. A 
C U R R E N T   C A P A C I T Y  -2b‘ C A P A C I T Y  

An A” 

65 9.65 14.33 6.76 4 . a  

689 

9.78 11.5 7.80  4.8 2410 

5.95 11.7 8.73 L.76 1720 

9.211 13 .5  && a 1162 

8.45 12.5  6.85 4.77  1000 

9.5 12.8  7.4  4.88 

‘ D I S C H A R G E   C O N T I N U E D   A T  2A 

Table 41-2 
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.. ._ _.. _ _  

schematic of the EIC CPV Ni/H2 module concept uslng 
inqulzting cups and plug-in interconnections. 

F i g u r e  41-1 

I I 
0 . i 5  0 . 4 5  0 . 7 5  1.05 1.35 

T l E i E .  H R S .  

T'f?iCAL VOLTAGE A \ >  PRESSLRE PROFILES DURIhG A CHARGE-OISChARGE 
OF CPV h l / Q  B A T T E R Y .  

F i g u r e  41-3 

- 
I 

w b  7.2 9 10.8 12.6 1 4 , 4  
25G 

F i g u r e  41-4 

428 



0 . 2  0.4 0 . 6  0.8 1.0 1.2 1 . 4  1.6 1.8 
T l m e .  hrs. 

STACl( VOLTAGE PROFILES D U R I N G  C A P A C I T Y  T E S T .  C Y C L E  779. B A T T E R Y  hO.  3R 
( I N V E R T E D  P O S I T l O h l .  

F i g u r e  41-5 
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CAPACITY OF A NICKEL HYDROGEN BOILERPLATE CELL 
AS A FUNCTION OF TEMPERATURE 

H.  H.  Rodger s ,  P. J. D a l t o n   a n d  L. A. T i n k e r  
H u g h e s   A i r c r a f t  

The  program I s h a l l  t a l k  a b o u t   h a s   b e e n   s p o n s o r e d   b y  B e l l  
T e l e p h o n e  Labs, w i t h   C h r i s   D y e r   a c t i n g  as t h e   p r o g r a m   c o o r d i n a t o r  
f o r  B e l l  T e l e p h o n e .   T h e   o b j e c t i v e  of t h i s   p a r t i c u l a r   s t u d y  is 
p r i m a r i l y   a n   e v a l u a t i o n  of c o m p o n e n t s ,   i n   t h i s  case,  p o s i t i v e  
e l e c t r o d e s .  

( F i g u r e   4 2 - 1 )  

F igu re   42 -1   shows  a b o i l e r p l a t e  c e l l  which  w e  u s e d   f o r   t h i s  
program.  We h a v e   u s e d  i t  f o r  many o t h e r s .  One o f   t h e   b a s i c  fea- 
t u r e s   o f  i t s  d e s i g n  i s  a v e r y   l o w   v o l u m e   f o r   h y d r o g e n ,  s o  t h a t   y o u  
g e t   t h e  same k i n d   o f   p r e s s u r e   p r o f i l e   i n   t h i s  c e l l ,  which  is 
d e s i g n e d  as a 6 - e l e c t r o d e  c e l l  u s i n g   f u l l - s i z e d   p i n e a p p l e - s l i c e  
e l e c t r o d e s .  We t h e r e f o r e  see a p r e s s u r e   p r o f i l e   a n d   b e h a v i o r  
e s s e n t i a l l y   t h e  same as  i n  a f l i g h t   t y p e  c e l l ,  t h e   m a j o r   d i f -  
f e r e n c e   b e i n g  t h a t ,  b e c a u s e  it i s  d i f f e r e n t   t h e r m a l l y ,  w e  d o   h a v e  
a wall  w i c k  i n   t h e  c e l l  s o  t h a t  w e  g e t  a s imi l a r  e l e c t r o l y t e  
d i s t r i b u t i o n .  

The d e s i g n   o f   t h i s  c e l l  is t h e   A i r   F o r c e   a n d   H u g h e s  r ec i r cu -  
l a t i n g   d e s i g n   y o u   h a v e   s e e n   b e f o r e .  We u s e   e l e c t r o c h e m i c a l l y  
i m p r e g n a t e d   p o s i t i v e   e l e c t r o d e s ,   w h i c h   a r e   m a d e   o n  a s l u r r y  plaque 
b y   u s i n g  a p e r f o r a t e d  s t e e l  s u b s t r a t e  a s  m a n u f a c t u r e d   b y   G e n e r a l  
E l e c t r i c .  

The t h i c k n e s s   o f   t h e   e l e c t r o d e s  i s  abou t   27 ,   28  mils. The 
a rea  i s  48cm2 a n d   t h e  p l a t e s  were a c t u a l l y  made f o r   a n o t h e r  
p u r p o s e ,   a n d  s o  t h e y   w e r e   n o t   c o i n e d .  However t h i s   g a v e  u s  no 
p a r t i c u l a r   p r o b l e m s .   T h e   w e i g h t   g a i n   ( 7 . 6 g / d m  1 ) is  what  GE 
measured  when t h e y  made t h e   e l e c t r o d e s   b y   d i f f e r e n c e   m e a s u r e m e n t .  
The  8g/dm2 is w h a t   t h e y   o b t a i n e d   b y   a n a l y s i s ,   a n d   o n   w h i c h  my 
c a l c u l a t i o n s  a r e  b a s e d .   T h e s e  p l a t e s  h a d   a b o u t   1 0 %   c o b a l t ;   t h e  
n e g a t i v e s  a r e  c o n v e n t i o n a l   d e s i g n   w i t h ,   i n   t h i s  case,  9mg p l a t i n u m  
per s q u a r e   c e n t i m e t e r .   T h e  s u b s t r a t e  i s  - t h e   e t c h e d   n i c k e l  Eoi l  
s u b s t r a t e .  The s e p a r a t o r  was t w o   l a y e r s   o f  Z Y K  1 5 ,  a k n i t - w e a v e  
z i r c a r ,   w h i c h  we u s e  i n   o t h e r  c e l l s  and  which i s  c h o s e n  t o  g i v e  
m o r e   u n i f o r m i t y   b e c a u s e   t h e   w e a v e  is  m o r e   u n i f o r m   t h a n   t h e   s q u a r e  
weaves w e  u s e d   t o   u s e .   T h e   g a s   s c r e e n  i s  a 12.5  mesh/cm  woven 
p o l y p r o p y l e n e ,  0.6mm t h i c k ,  and  i s  a r e l a t i v e l y   s t r o n g   m a t e r i a l  
s i n c e   t h e   f i b e r s   i n   t h a t   p o l y p r o p y l e n e  a re  made  and a re  s t r e t c h e d  
as t h e y  a re  made.  The wall w i c k  i s  p l a s m a - s p r a y e d   y t t r i u m -  
s t a b i l i z e d   z i r c o n i u m   o x i d e .  

The c e l l  was p r e p a r e d   b y  e v a c u a t i o n   a n d   f i l l i n g   w i t h  31% KOH. 
We n o r m a l l y   u s e  a minimum 1 6  h o u r   s o a k   o v e r n i g h t .   T h e   a c t i v a t i o n  

I -. 
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c o n s i s t e d   o f  a 5 minu te  C-rate c h a r g e .   T h a t  t akes  a l i t t l e  e x p l a -  
n a t i o n .  We u s e   t h i s   t o   b l o w   t h e   e x c e s s   e l e c t r o l y t e   o u t   o f   t h e  
p o l y p r o p y l e n e   g a s   d i f f u s i o n   s c r e e n s   b e c a u s e  we d o   n o t   w a n t   t o  
b l o c k   t h e   n e g a t i v e   e l e c t r o d e s .  We t h e n   g a v e  it e i g h t   1 0 0 %   d e p t h  
o f   d i s c h a r g e   c o n d i t i o n i n g   c y c l e s   w i t h  a maximum time o f  
72   minu te s .  We t h e n   g a v e  it 34 80% d e p t h   o f   d i s c h a r g e   c y c l e s   i n  
l o w - E a r t h   o r b i t   w i t h  a 1 . 0 5 : l  C/D r a t i o .  T h e   e n d   o f   d i s c h a r g e  
v o l t a g e  a t  t h e   e n d   o f   t h a t  time was 1.071V. I m i g h t   p o i n t   o u t  
t h a t   t h a t   v o l t a g e  i s  p e r h a p s   s l i g h t l y   l o w e r   t h a n  w e  u s u a l l y   g e t .  
However, t h e s e   e l e c t r o d e s  were made w i t h   t h e   p e r f o r a t e d   f o i l  
s u b s t r a t e ,   w h i c h  a t  one  time we t h o u g h t   m i g h t   g i v e   t r o u b l e  a t  h i g h  
r a t e  d i s c h a r g e .   I f  it d o e s ,  i t  is  v e r y   s l i g h t .  

(Table   42-1)  

The d a t a  shown i n   T a b l e   4 2 - 1  a r e  t h e   c a p a c i t y  we o b t a i n e d  
i n i t i a l l y  a t  20 C We had   our   equipment   run  a l i t t l e  c o l d  a t  one 
p o i n t   h e r e ,   a n d  s o  it ended u p  a t  1 7  C ,  which made a d i f f e r e n c e .  
You w i l l  s ee ,  i n   F i g u r e   4 2 - 2 ,   w h a t   e f f e c t   t h i s   h a s .  We t h e n   r a n  
35 C ,  wen t   back   t o  20 C ,  t h e n   t o  0 C ,  a n d   f i n a l l y   b a c k   t o  20 C .  
I f   y o u   n o t i c e ,   t h e r e  i s  v e r y  l i t t l e  c h a n g e   b e t w e e n   t h e   f i r s t   a n d  
l a s t  20 C c y c l i n g .  

The c e l l  was based  on a 6.6A h c a p a c i t y ,   n o m i n a l  1 . 1 A  h p e r  
e l e c t r o d e .   T h i s  was based   on  a 16   hour  C / 1 0  c h a r g e ,  u s u a l  syn-  
c h r o n o u s   o r b i t   c y c l e .  

( F i g u r e   4 2 - 2 )  

I n   F i g u r e   4 2 - 2 ,   t h e   d o t s  a re  t h e  r e s u l t s  we o b t a i n e d .   T h e y  
a re  n o r m a l i z e d   t o  6.6A h.  The Air F o r c e   d a t a  I m e n t i o n   h e r e  are 
t y p i c a l  Air Force  p l a t e  d a t a .   T h e y   h a v e   b e e n   n o r m a l i z e d   t o  a 
6 - p l a t e  c e l l .  A t  35 C we h a d   b a s i c a l l y   t h e  same c a p a c i t y ,   a n d  
i n c r e a s i n g   t o   w i t h i n   e x p e r i m e n t a l   e r r o r ,   t h e  same a t  0 C .  The 
17 C p o i n t   c o m e s   o u t   a b o u t   w h e r e  it s h o u l d .  What  you a re  s e e i n g  
i s  t h e   e f f e c t   o f   t h e  1 0 %  c o b a l t   e v e n   t h o u g h   t h e   p l a t e s  were made 
by GE,  e s s e n t i a l l y  s imilar  t o   t h e  Bel l  Te lephone   p rocess ,   whereas  
t h e  Air Force   used  Dave P i c k e t t e ' s  p r o c e s s .  

The c a p a c i t y  of t h i s  c e l l  was c o n s i s t e n t   w i t h   t h e   l o a d i n g  
l e v e l  I p r e s e n t e d ,   a n d  I ca l cu la t ed  1 0 3 %   u t i l i z a t i o n .  A s  I men- 
t i o n e d ,   t h e   t e m p e r a t u r e   e f f e c t   o n   c a p a c i t y  seems t o  depend  on   the  
c o b a l t   l e v e l .  

DISCUSSION 

HENDEE: Were t h e s e   p o s i t i v e  p l a t e s  e l e c t r o c h e m i c a l l y  
impregnated  a t  GE? 

ROGERS : Yes. 

432 



HENDEE: When were t h e y   b u i l t ?  

ROGERS: Only a few months   ago .  

HENDEE: Was t h a t   1 0 %   c o b a l t   a d d e d   e l e c t r o c h e m i c a l l y  or was it 
a d d e d   c h e m i c a l l y   a f t e r w a r d s ?  

ROGERS: It  is i n   t h e   e l e c t r o c h e m i c a l   b a t h ;  it g o e s   i n   w i t h  
t h e   n i c k e l .  

HENDEE: So t h e y   h a d   t h e   s o d i u m   n i t r i t e   i n  it a t  t h a t   p o i n t ?  

ROGERS : Yes. 

THIERFELDER: I j u s t   h a v e   o n e   F i g u r e   h e r e   t h a t  was v e r y  
i n t e r e s t i n g   t o  me and I t h o u g h t  it m i g h t  be of i n t e r e s t  t o  a 
n u m b e r   o f   p e o p l e   h e r e .  

( F i g u r e   4 3 - 1 )  

We a r e   a l s o   t e s t i n g   n i c k e l   h y d r o g e n  c e l l s ,  t h e  Air F o r c e  50A h 
c e l l s  f r o m  Don Warnock. We h a v e   d o n e   s o m e   c y c l i n g  tes ts  i n   1 9 7 9 ,  
p e r f o r m a n c e  tests. However, i n   1 9 8 0 ,   t h e y  a r e  r u n n i n g  a p r o g r a m  
o f   c o m p a r i n g   n i c k e l   h y d r o g e n   a n d   n i c k e l   c a d m i u m  ce l l s .  We h a v e  
t h ree  n i c k e l   h y d r o g e n  Air F o r c e  c e l l s ,  a n d   t h r e e  50A h n i c k e l  
cadmium c e l l s ,  s u c h  a s  b e i n g   t e s t e d  a t  C r a n e .   T h e s e  a r e  t h e  
s t a n d a r d   5 0  A h c e l l s .  

On t h e   l o w e r   g r a p h  w e  h a v e   t h e  low-rate capac i t i e s .  F o r   t h e  
n i c k e l   h y d r o g e n  a t  20  C ,  t h i s  i s  t h e   a v e r a g e  of t h r e e  c e l l s ,  
47A h ,   w h i c h  i s  t h e  same a s  h a s   b e e n   r e p o r t e d   b y  some of  o u r   o t h e r  
c o n t r a c t o r s .   T h e y   h a v e  45-50A h. A t  30 C it d r o p s  o f f ,  and a t  0 C 
it g o e s   u p .  When we r a n   t h e   n i c k e l   c a d m i u m  c e l l s  w e  g o t  
d r a m a t i c a l l y   h i g h e r   v a l u e s .   T h e  61A h c h e c k s   w i t h   t h e   d a t a  a t  
C r a n e ;   t h e y   a l s o   g o t   a b o u t   t h e  same d a t a   h e r e .  

The v a r i a t i o n   i n   t e m p e r a t u r e  was i n t e r e s t i n g .   H o w e v e r ,   t h e  
r e a l l y   b i g   t h i n g   a b o u t  i t  was when we w e n t   t o   t h e   h i g h  r a t e  ( w h i c h  
was t h e  same t e s t  a s  t h a t   r u n   b y   H u g h e s  ; w e  h a v e   r u n  i t  l a s t  y e a r  
a n d   t h i s   y e a r ) ,   w h i c h  i s  a 50A c h a r g e   a n d  a 70A d i s c h a r g e ,   t h i n g s  
l o o k e d   c o m p l e t e l y   d i f f e r e n t .   T h e   n i c k e l - h y d r o g e n  c e l l s  a re  up  a t  
40A h w i t h   t h e   t e m p e r a t u r e   d e p e n d e n c e  as s h o w n ,   a n d   t h e   n i c k e l  
cadmium c e l l s  were as  shown.  For  what it i s  w o r t h ,  I t h o u g h t   t h i s  
was r a t h e r   i n t e r e s t i n g   a n d  I t h o u g h t  I would  show it  t o d a y .  

LACKNER: Did t h o s e   n i c k e l   c a d m i u m   b a t t e r i e s   h a v e   t h e  same 
c a p a c i t y  as  t h e   n i c k e l   h y d r o g e n ?  

THIERFELDER: They a r e  r a t e d   t h e  same, 50A h e a c h ,   b u t   t h o s e  
a r e  t h e  capac i t i e s  t h a t  were f o u n d .  
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LACKNER: A s  you are  well aware, n i c k e l  cadmium b a t t e r i e s  a re  
u s e d   f o r   a i r c r a f t   c r a n k i n g   a p p l i c a t i o n s ,   w h e r e   y o u  a re  t a k i n g   o u t  
anywhere  f rom 1 0  t o  30C. A t  1 0  C ,  which is n o t  a c o l d  
t e m p e r a t u r e ,   y o u   s h o u l d   g e t  a l o t  more   capac i ty   t han   wha t   you  a re  
g e t t i n g  .here. You are  s a y i n g  4 0 % .  

THIERFELDER: These 50A h n i c k e l  cadmium c e l l s  a re  n o t   r e a l l y  
b u i l t  f o r   s u c h   h i g h  r a t e s ,  and so  t h e   t e r m i n a l s  and t h e  t abs  may 
show h i g h e r   l o s s e s .   T h e y  a r e  n o t  b u i l t  f o r   t h a t .  However, t h e s e  
a r e  t h e   s t a n d a r d  50A h ce l l s .  You h a v e   t o  take it  fo r   wha t  i t  is .  

LACKNER: You a re  c o m p a r i n g   t w o   s y s t e m s ,   o n e   t o   t h e  
d i s a d v a n t a g e   o f   t h e   o t h e r .  

THILRFELDER: In   one  a rea  w e  a r e ,  b u t  i n   t h e   o t h e r  a rea  w e  a re  
n o t .  

LACKNER: I t  i s  well known i n  t h e  a i r c r a f t  a p p l i c a t i o n   t h a t  i t  
can  be u s e d  f o r   h i g h  r a t e .  

RITTERMAN: Do y o u   f i n d   o n  t h e  r e l a t i v e  sur face  a rea  you u s e  
p o s i t i v e   e l e c t r o d e s   i n   n i c k e l   h y d r o g e n   v e r s u s  cadmium? 

THIERFELDER: No. A s  I m e n t i o n e d   y e s t e r d a y ,  we a r e   c o n s t a n t l y  
d o i n g   t h e   t r a d e o f f .   T h i s  i s  p a r t  o f   o u r   t r a d e o f f   s t u d y .  I t  j u s t  
c o n s i s t s   o f   s u b s t i t u t i n g  t h e  n i c k e l   h y d r o g e n  50A h and   s ee ing   wha t  
t h e  r e s u l t s  would be.  

SEIGER:  Could  you t e l l  u s  s o m e t h i n g   a b o u t   p o s i t i v e   e l e c t r o -  
c h e m i c a l l y   i m p r e g n a t e d   p o s i t i v e ?  

THIKHFELDER: The n i c k e l  cadmium c e l l s  a r e  s t a n d a r d  NASA 50A h 
n i c k e l  cadmium; I c a n n o t  t e l l  you   about  t h e  Air Force  c e l l s .  

STADNACK: A s  a g e n e r a l   c o m m e n t ,   t h o s e   s p e c i f i c   n i c k e l  
h y d r o g e n   e l e c t r o d e s   t h a t   y o u  saw i n   t h e r e  h a d   a n   a t y p i c a l  tempera- 
t u r e  c h a r a c t e r i s t i c  f o r   n i c k e l   h y d r o g e n  a t  h i g h   t e m p e r a t u r e s   a n d  
l o w   c h a r g e   r a t e s .   B o t h   t h e  Bel l  p r o c e s s   a n d   t h e  Air  F o r c e   p r o c e s s  
e l e c t r o d e s   s h o w i n g  much l e s s  temperature dependence ,   a s   was  i l l u -  
s t r a t e d  by D r .  Rogers  a moment ago. 

DUNLOP: I t h i n k   o n e  of  t h e   t h i n g s   t h a t   y o u   m i g h t   c o n s i d e r ,   i f  
you a re  g o i n g   t o   t r y   t h i s   k i n d   o f   c o m p a r i s o n ,  i s  t h a t   p r o b a b l y   y o u  
a re  c o m p a r i n g   p o s i t i v e   e l e c t r o d e s ,   a n d   n o t   n i c k e l  cadmium v e r s u s  
n i c k e l   h y d r o g e n .   T h i s  is because, if you  look  a t  n i c k e l   h y d r o g e n  
c e l l s ,  f o r  example, t h e   h y d r o g e n   e l e c t r o d e   d o e s   n o t   r e a l l y   c o n t r i -  
b u t e  much t o  t h e  p o l a r i z a t i o n   l o s s   i n   i t s e l f ,   i n d e p e n d e n t   o f   w h i c h  
o f   t h o s e   t e m p e r a t u r e s   y o u  a r e  t a l k i n g   a b o u t .  I t h i n k   t h e  d a t a  
r e a l l y  show t h e  d i f f e r e n c e   i n   p o s i t i v e   e l e c t r o d e s   m o r e   t h a n   t h e y  
do t h e   d i f f e r e n c e   b e t w e e n   t h e   t w o   s y s t e m s .  

THIERFELDER: T h a t  i s  t r u e .  Bo th   sys t ems  a re  p o s i t i v e - l i m i t e d .  

4 34 



CAPACITY OF NICKEL-HYDROGEN 
BOILERPLATE  CELL,  A-HR 

CYCLE I 20OC I 35OC I 20OC I 0% I 20OC 
1 

6.82  8.09 6.76  4.98  7.36* 3 
6.92  8.06  6.99 5.20  6.84 2 
6.95  8.07 7.04  5.36  6.84 

*RUN AT  17OC 

16  HR C/10 CHARGE (C = 6.6 A-HR) 
C/2  DISCHARGE TO 1.00 V 

Table 4 2 - 1  
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( 4 0 2 )   2 9 1 - 3 7 4 5  

F l o y d   F o r d  
C o d e   7 1 1  
B u i l d i n g  11, Room E214 
NASA/GSFC 
Greenbel t ,  MD 2 0 7 7 1  
( 3 0 1 )   3 4 4 - 5 8 4 5  

P. G.  F o u g e r e  
SAFT 
1 5 6  Av De Metz 
R o m a i n v i l l e ,   F r a n c e   9 3 2 3 0  
843-9361  

H a r v e y  A .  F r a n k  
J e t  P r o p u l s i o n   L a b o r a t o r y  
4800 Oak G r o v e   D r i v e  
P a s a d e n a ,  CA 9 1 1 0 3  
( 2 1 3 )   3 5 4 - 4 1 5 7  

J a y   F r a n k  
N a v a l   O c e a n   S y s t e m s   C e n t e r  
Code   8105 
2 7 1   C a t a l i n a   B l v d .  
S a n   D i e g o ,  CA 9 2 1 5 2  
( 7 1 4 )   2 2 5 - 7 0 7 2  

C a r o l   F r e e m a n  
NSWC/White O a k  

S i l v e r   S p r i n g ,  MD 20910  
( 3 0 1 )   3 9 4 - 1 1 4 6  

R-3 3 

D a v i d  H .  F r i t t s  
USAF-AFAPL/POCC-l 
W r i g h t - P a t t e r s o n  AFB, OH 4 5 4 3 3  
( 5 1 3 )  255-2372 

Edward M .  Gaddy 
C o d e   7 1 1  
NASA/GS FC 
G r e e n b e l t ,  MD 2 0 7 7 1  
( 3 0 1 )   3 4 4 - 6 2 0 2  

A n t h o n y  K .  Galassi 
Hughes  A i r c r a f t  Company 
P. 0 .  Box 3 3 9  
S p r i n g f i e l d ,  VA 22150  
( 7 0 3 )   6 6 4 - 9 6 0 6  

M a r t i n  G. G a n d e l  
L o c k h e e d  Missiles & S p a c e   C o .  
Dept. 6 2 - 1 6 ,   B l d g .   1 5 1  
S u n n y v a l e ,  CA 95070 
( 4 0 8 )   7 4 2 - 8 3 0 1  

S t a n l e y  J. Garlock 
L e a r S i e g l e r   I n s t r u m e n t   D i v i s i o n  
4 1 4 1   E a s t e r n   A v e . ,  S . E .  
G r a n d   R a p i d s ,  M I  49508  
( 6 1 6 )   2 4 1 - 7 4 4 7  

S.  G a s t o n  
RCA A s t r o - E l e c t r o n i c s  
P. 0 .  Box 8 0 0 ,  Mail S t o p   1 1 3  
P r i n c e t o n ,  N J  60850  
(609)   448-3400   X2559  

F r a n z  Goebel 
GTE S y l v a n i a  
5 2 0   W i n t e r  S t r e e t  
W a l t h a m ,  MA 02154  
( 6 1 7 )   8 9 0 - 9 2 0 0  

O l g a   G o n z a l e z  
NASA/Lewis R e s e a r c h   C e n t e r  
MS 309-1 ,  2 1 0 0 0  Brook Pk. Rd. 
C l e v e l a n d ,  OH 4 4 1 3 5  
( 2 1 6 )   4 3 3 - 4 0 0 0  

4 4 3  



H.  R. Grady  
F o o t e   M i n e r a l   C o m p a n y  
R o u t e  100 
E x t o n ,  PA 1 9 3 4 1  
( 2 1 5 )   3 6 3 - 6 5 0 0  

C h a r l e s   R u s s e l l  Gr eer  
Code   663 .2  
NASA/GSFC 
G r e e n b e l t ,  MD 2 0 7 7 1  
( 3 0 1 )   3 4 4 - 6 8 1 7  

I a n   G u t  r i d g e  
MPD T e c n n o l o g y   C o r p .  
6 8 1   L a w l i n s   R o a d  
W y c k o f f ,  N J  0 7 4 8 1  
( 2 0 1 )   8 9 1 - 7 9 1 1  

D o u g l a s  Haf e n  
LocKheed Missiles & S p a c e  
D/62-16, B / 1 5 1 ,  P. 0 .  BOX 504 
S u n n y v a l e ,  CA 94086 
( 4 0 8 )   7 4 2 - 4 3 7 1  

G e r a l d  Halper t 
NASA/GSFC , Code 7 1 1 . 2  
G r e e n b e l t ,  MD 2 0 7 7 1  
( 3 0 1 )   3 4 4 - 5 7 5 2  

F r e d e r i c k  C .  Hallberg 
C o d e   6 8 3 . 1  
NASA/GSFC 
G r e e n b e l t ,  MD 20771  
( 3 0 1 )   3 4 4 - 8 7 1 2  

James D. H a r k n e s s  
N a v a l   W e a p o n s   S u p p o r t   C e n t e r  
B ldg .   2919 ,   Code   3053  
C r a n e ,  I N  47522  
( 8 1 2 )   8 5 4 - 1 5 9 3  

Dr. A.  G .  H e l l f r i t z s c h  
6 0 8   W i n o n a   C o u r t  
S i l v e r   S p r i n g ,  MD 20902  
( 3 0 1 )   6 4 9 - 2 6 6 4  

Ed Hendee  
T e l e s a t   C a n a d a  
333   R ive r   Road  
Ottawa, O n t a r i o  
CANADA , KIL-8B 9 
( 6 1 3 )   7 4 6 - 5 9 2 0  

Thomas J. H e n n i g a n  
B e d f o r d   E n g i n e e r i n g   C o r p .  
9 0 0   F a i r o a k   A v e n u e  
W .  H y a t t s v i l l e ,  MD 20783  
(301) 559-0613 

Don Hess 
D e p a r t m e n t  o f  t h e  Navy 
NESEA 
St. I n i g o e s ,  MD 20684 
(301) 862-8067 

H. P e t e r   H i r s c h l e r  
B u i l d i n g  126-'1. 
N a v a l   U n d e r w a t e r   S y s t e m s   C e n t e r  
N e w p o r t ,  RI 02840 
( 4 0 1 )   8 4 1 - 3 8 8 4  

G e r h a r d  L. H o l l e c k  
E I C  L a b o r a t o r i e s   I n c .  
5 5   C h a p e l   S t r e e t  
Newton,  MA 02158 
( 6 1 7 )   9 6 5 - 2 7 1 0  

H .  T .  Holter 
N a v a l   S e a   S y s t e m s  Command 
W a s h i n g t o n ,  DC 20362 
( 2 0 2 )   6 9 2 - 2 0 8 0  

F r a n k l i n  J. H o r n b u c k l e  
F a i r c h i l d   S p a c e   a n d   E l e c t r o n i c  
2 0 3 0 1   C e n t u r y   B l v d .  
Germantown,  MD 20767 
( 3 0 1 )   4 2 8 - 6 2 2 1  

P a u l  L .  Howard 
P. L .  Howard A s s o c i a t e s   I n c .  
P. 0. Box K 
M i l l i n g t o n ,  MD 21651  
(301) 928-5101  

H .  C .  Huber  
Navy Dept., Code A I R - 5 4 9 0 1 H  
N a v a l  Air  S y s t e m s  Command 
W a s h i n g t o n  , DC 2 0 3 6 1  
( 2 0 2 )   6 9 2 - 7 1 5 0  

Mathew Imamura 
M a r t i n  Mar ie t ta  Aerospace 
P. 0.  Box 1 7 9  
D e n v e r ,  CO 8 0 2 0 1  
( 3 0 3 )   9 7 7 - 3 0 0 0  
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B r u c e   J a g   i d  
P r e s i d e n t  
P o w e r   C o n v e r s i o n   I n c .  
7 0   M a c Q u e s t e n   P a r k w a y  S. 
M t .  V e r n o n ,  N Y  1 0 5 5 0  
( 9 1 4 )   6 9 9 - 7 3 3 3  

Dr. S t a n l e y  D. James 
NSWC/Whi t e  Oak 
Code  R-33/New H a m p s h i r e  Ave. 
S i l v e r  S p r i n g ,  MD 20910  
( 3 0 1 )   3 9 4 - 2 7 3 0  

D a n i e l   J o h n s o n  
U n i o n   C a r b i d e  
P.  0. Box 6056  
C l e v e l a n d ,  OH 4 4 1 0 1  
( 2 1 6 )   6 3 1 - 3 1 0 0  

Dr. J o s e p h  D. J o l s o n  
C a t a l y s t   R e s e a r c h   C o r p .  
1 4 2 1   C l a r k v i e w   R o a d  
Bal t imore ,  MD 2 1 2 0 9  
( 3 0 1 )   2 9 6 - 7 0 0 0  

Gordon  L. J u v i n a l l  
TRW B a l l i s t i c  Missiles Div.  
P. 0. Box 1 3 1 0 ,  MS 524 /420  
S a n   B e r n a d i n o ,  CA 9 2 4 0 2  
( 7 1 4 )   3 8 2 - 5 7 9 7  

Ga i l  K a c z o r o w s k i  
NASA/GS FC 
Code 2 0 5  
G r e e n b e l t ,  MD 2 0 7 7 1  
( 3 0 1 )   3 4 4 - 5 8 9 4  

E m a n u e l  Karageorge 
Code 6 6 3 . 1  
NASA/GSFC 
G r e e n b e l t ,  MD 2 0 7 7 1  
( 3 0 1 )  344-5382  

J o s e p h  M .  Keogh 
U.S. Army 
1 4 0 9   P a t r i c k  Ci rc le  
V i e n n a ,  VA 22180  
( 7 0 3 )   6 9 8 - 1 3 4 4  

R a n d y   K i e n t z  
General E l e c t r i c  Company 
P. 0. Box 1 1 4  
G a i n e s v i l l e ,  FL 3 2 6 0 1  
( 9 0 4 )   4 6 2 - 3 9 1 1  

Dr.  William P. K i l roy  
NSWC/White  Oak 
R-33/New H a m p s h i r e   A v e n u e  
S i l v e r   S p r i n g  , MD 20910  
( 3 0 1 )   3 9 4 - 1 5 1 3  

Kwang Y i l  K i m  
H o n e y w e l l  CTC 
1 0 7 0 1   L y n d a l e   A v e n u e   S o u t h  
B l o o m i n g t o n  MN 5 5 4 2 0  
( 6 1 2 )   9 3 1 - 6 4 6 0  

M i c h a e l  P.  Kimmey 
3 5 0 3  Woodmoor Rd. 
B a l t i m o r e ,  MD 21207  
( 3 0 1 )   2 6 5 - 6 4 3 5  

C h a r l e s   K o e h l e r  
F o r d  Aerospace E, C o m m u n i c a t i o n s  
G-3  
P a l o  A l t o  , CA 9 4 3 0 3  
( 4 1 5 )   4 9 4 - 7 4 0 0   X 5 0 5 3  

P a u l  W .  Kuhl  
E l e c t r o c h e m   I n d .   I n c .  
9 9 9 0   W e h r l e  Dr. 
C l a r e n c e ,  N Y  1 4 0 3 1  
( 7 1 6 )   7 5 9 - 2 8 2 8  

V a s a n t h  L. K u n i g a h a l l i  
Code 7 1 1  
B l d g .   2 2 ,  Room 3 4 1  
G o d d a r d  Space F l i g h t   C e n t e r  
G r e e n b e l t ,  MD 2 0 7 7 1  
( 3 0 1 )   3 4 4 - 5 7 5 1  

I r v i n g   K u r m a n  
Aerospace C o r p o r a t i o n  
P. 0. Box 9 2 9 5 7  
Los  Ange le s ,  CA 90009  
( 2 1 3 )   6 4 8 - 7 5 7 3  

J o s e p h   L a c k n e r  
DND/DREO/ECD 
S h i r l e y   B a y  
Ottawa , On t a r  i o  
CANADA, K 1 A  024  
( 6 1 3 )   8 3 6 - 1 7 3 1  
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T e r r y  M .  Lamb 
USAF 
P. 0 .  BOX 9 2 9 6 0 ;  SD-YRE 
L o s   A n g e l e s ,  CA 90009  
( 2 1 3 )   6 4 3 - 2 8 5 0  

R o b e r t  D.  Lane  
E l e c t r o c h e m   I n d u s t r i e s  I n c .  
9 9 9 0   W e h r l e  Dr. 
C l a r e n c e ,  N Y  1 4 0 3 1  
( 7 1 6 )   7 5 9 - 2 8 2 8  

John W .  Lear 
M a r t i n  Marietta C o r p .  
6819  N .  R i d g e w a y  C i rc l e  
P a r k e r  , C O  8 0 1 3 4  
( 3 0 3 )   9 7 7 - 1 5 1 1  

H a r o l d  F .  L e i b e c k i  
NASA L e w i s   R e s e a r c h   C e n t e r  
MS 3 0 2 / 1  
2100   Brookpark   Road  
C l e v e l a n d ,  OH 4 4 1 3 5  
( 2 1 6 )   4 3 3 - 4 0 0 0  

J o s e p h  H .  L e t o u r n e a u  
NASA/GSFC 
Coae 2 0 5  
G r e e n b e l t ,  MD 2 0 7 7 1  
( 3 0 1 )   3 4 4 - 7 4 4 4  

S a m u e l   L e v y  
D i v i s i o n   2 5 2 3  
S a n d i a   N a t i o n a l   L a b s  
P. 0 .  Box  5800 
A l b u q u e r q u e ,  NM 8 5 1 8 5  
( 5 0 5 )   8 4 4 - 8 0 2 9  

Hong S. Lim 
H u g n e s   R e s e a r c h   L a b o r a t o r i e s  
3 0 1 1   M a l i b u   C a n y o n   R d .  
M a l i b u ,  CA 9 0 2 6 5  
( 2 1 3 )   4 5 6 - 6 4 1 1  

D a v i d   L i n d e n  
7 8   L o v e t t   A v e n u e  
L i t t l e  S i l v e r ,  N J  07739  
( 2 0 1 )   7 4 1 - 2 2 7 1  

Chuck  Lur  i e  
M1/1406 
TRW DSSG 
R e d o n d o   B e a c h ,  CA 9 0 2 7 8  
( 2 1 3 )   5 3 5 - 0 7 7 7  

J o h n  S .  Lynch 
V o u g h t  Corp. ( U n i t   5 1 7 0 0 )  
P. 0.  Box  225907 
D a l l a s ,  TX 7 5 2 6 5  
( 2 1 4 )   2 6 6 - 7 1 4 4  

Gary Lyons  
H o w a r d   T e x t i l e  Mills, I n c .  
2 0   R o o s e v e l  t Avenue  
R o s l y n ,  N Y  1 1 5 7 6  
( 5 1 6 )   6 2 1 - 4 4 1 4  

G e o r g e  H .  M a c k i e  
C a n a d i a n  Dept. of Commerce 
P. 0 .  Box 1 1 4 9 0 ,   S t a t i o n  H 
Ottawa, O n t a r  i o  
CANADA, K2H 5K3 
( 6 1 3 )   8 2 8 - 8 6 2 9  

Dr. T y l e r  X.  Mahy 
Apt.  T-1 ,  1 3 0   D u v a l l   L a n e  
G a i t h e r s b u r g ,  MD 20760  
( 7 0 3 )   3 5 1 - 2 9 0 8  

Don M a i n s  
N a v a l   W e a p o n s   S u p p o r t   C e n t e r  
C o d e   3 0 5 3  
C r a n e ,  I N  4 7 5 2 2  
( 8 1 2 )   8 5 4 - 1 5 9 3  

P a u l   M a l a c h e s k y  
E x x o n   E n t e r p r i s e s  
P. 0 .  Box 4 5  
L i n d e n ,  NJ 0 7 0 3 6  
( 2 0 1 )   4 7 4 - 6 3 6 9  

Lynn Mar c o u x  
Hughes  A i r c r a f t  Company 
B u i l d i n g  S 12,  MS V330 
P. 0.  B o x   9 2 9 1 9   A i r p o r t   S t a t i o n  
L o s   A n g e l e s ,  CA 90009  
( 2 1 3 )   6 1 5 - 7 2 0 0  
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C h a r l e s  H .  Marcus 
NASA/GSFC 
Code  205 
G r e e n b e l t ,  MD 20771 
(301)   344-7441 

G. T.  Marsh 
M a r t i n  Marietta Corp. 
P. 0. Box 1 7 9  
Mail S t o p  SO550 
Denver ,  CO 80201 
(303)   977-4485 

James H .  Masson 
M a r t i n  Marietta Corp.  
P. 0. Box 1 7 9 ,  
Mail S t o p  SO550 
Denver ,  CO 80201 
(303)   977-4485 

D. W .  Maurer 
Rm. 13243 
Bel l  L a b o r a t o r i e s  
Murray H i l l ,  N J  07974 
(201)   582-3000 

J o s e p h  H .  McCann , J r  . 
RCA/PSEG-Suitland 
9012   S t evens   Lane  
Lanham, MD 20801 
( 3 0 1 )  459-0791 

P a t r i c k   M c D e r m o t t  
NASA/GSFC 
Code  711.2 
G r e e n b e l t ,  MD 20771 
(301)   344-5752 

Bruce  McDonald 
D u r a c e l l   I n t e r n a t i o n a l  , 
175   C lea rb rook   Road  
E l m s f o r d ,  NY 10523 
(914)   592-3556 

L i t h i u m   S y s t e m s   D i v i s i o n  

George J .  M e t h l i e  
2705 N .  J e f f e r s o n   S t r e e t  
A r l i n g t o n ,  VA 22207 
(703)   533-1499 

C. J. Meyer 
GTE S y l v a n i a  
1800 N .  Kent  Street  
A r l i n g t o n ,  VA 22307 
(703)   841-9020 

Nora M i d d l e m i s s ,  PhD. 
O n t a r i o   R e s e a r c h   F o u n d a t i o n  
S h e r   a t o n   P a r k ,  
M i s s i s s a u g a ,   O n t a r i o  
CANADA, L5K 1 D 3  
(416)   822-4111  X 247 

Ronald P. M i k k e l s o n  
Genera l   Dynamics /Conva i r  

San   D iego ,  CA 92138 
M Z  41-6070, P. 0.  BOX 80847 

(714)  277-8900  X1486 

Lee Miller 
E a g l e - P i c h e r   I n d . ,   I n c .  
P. 0.  BOX 47 ,  C P o r t e r   S t .  
J o p l i n ,  MO 64801 
(417)   623-8000 

A.  J. M i s e r e n d i n o  
GTE S y l v a n i a   I n c .  
520   Win te r  S t r e e t  
Waltham, MA 02154 
(617)   890-9200 

C a r l   M u e l l e r  
NSWC/White O a k  
Code  R33, Room 4-171 
S i l v e r   S p r i n g  , MD 20910 
(301)   394-2472 

Vernon C .  M u e l l e r  
McDonnel l   Douglas  Astro.  Co. 
Dept.   E-454,  Bldg.  106 
MS 408, P. 0. Box  516 
S t .   L o u i s ,  MO 63166 
(314)   232-1003  

Edward B.  Murphy 
MIT L inco ln   Lab  
Box 7 3  
L e x i n g t o n ,  MA 02173 
(617)   862-5500 X450 
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D r .  Robert M .  Murphy 
E l e c t r o c h e m   I n d u s t r i e s ,  I n c .  
9990  Wehrle  Drive 
C l a r e n c e ,  NY 1 4 0 3 1  
( 7 1 6 )  7.59-2828 

Buddy D. Murray  
M a r t i n  Marietta 
5873 W .  Alder  Ave. 
L i t t l e t o n ,  CO 80123 
(303)   977-4485 

Dr. J. M y a t t  
B u i l d i n g   1 5 2  
AERE 
Harwell, O x f o r d s h i r e  O X l l O R A  
England  
235-24141 

Walter Nagel  
Code  745.2 
NASA/GSFC 
G r e e n b e l t ,  MD 20771 
(301)   344-5939 

T. O ' S u l l i v a n  
B e l l  Labs 
Murray H i l l ,  NJ  07974 
(201)   582-3000 

B u r t o n   O t z i n g e r  
R o c k w e l l  I n t e r n a t i o n a l  
SL-10/12214  Lakewood  Blvd. 
Downey, CA 90241 
(213)   594-3783 

C h a r l e s  J. P a c e  
GTE P r o d u c t s  
SSD Div. 
89 B S t r e e t  
Needham, MA 02192 
(617)   449-2000 

C h a r l e s  F .  P a l a n d a t i  
Code  711.2 
Bldg.   22,  Rm. 290 
NASA/GSFC 
G r e e n b e l t ,  MD 20771 
(301)   344-5379 

J o h n  M. P a r r y  
A r t h u r  D.' L i t t l e  I n c .  
25 Acorn   Pa rk  
Cambr idge ,  MA 02140 
(617)   864-5730 

D r .  Ben P a t t o n  
T h e r o m o   E l e c t r o n  Corp. 
1736 I S t . ,  N.W. 
S u i t e   8 0 7  
W a s h i n g t o n ,  DC 20006 
(202)   861-0510 

Dr. W .  F.  Payne 
C a n a d i a n   A s t r o n a u t i c s   L t d .  
1 0 2 4   M o r r i s o n  Dr. 
Ottawa, O n t a r  i o  
CANADA, K2H 8K7 
(613)   820-8280 

F l o r i d 0  S. Pe 
B e d f o r d   E n g i n e e r i n g   C o r p .  
A l e x a n d r i a ,  VA 
(703)   549-3930 

W i l f r e d 0   P e r e z  Rm. 1 7 1   ( R 3 3 )  
NSWC/Wh i t e  O a k  
S i l v e r   S p r i n g ,  MD 20910 
(301)   394-1318 

T i m  P o t t s  
E a g l e - P i c h e r   I n d .  
C & P o r t e r   S t s .  
J o p l i n ,  MO 64801 
(417)   623-8000 X345 

Dr. A.  J. P r a s a d  
Hyder  abad Bat te r  ies  Ltd  . 
D-31, I . D . A . ,  J e e d i m e t l a  
Hyderabad ,   Ind ia   500854  

D r .  V i n c e n t  J. P u g l i s i  
Yardney N i c k e l  B a t t e r y  D i v i s i o n  
8 2   M e c h a n i c   S t r e e t  
P a w t u c k e t ,  CT 06379 
(203)   599-1100 
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Rod K. Q u i n n  
Org.  2523 
E x p l o r a t o r y  Bat ter ies  Div. 
S a n d i a   N a t i o n a l  Laborator ies  
A l b u q u e r q u e ,  NM 87185 
(505)   844-1933 

Matiar Rahman 
B e d f o r d   E n g i n e e r i n g  C O r p .  
3805 M t .  Vernon  Ave. 
A l e x a n d r i a ,  VA 22305 
(703)   549-3930 

N.  S. Raman 
D u r a c e l l   I n t e r n a t i o n a l  
N .  T a r r y t o w n ,  NY 
(914)   631-4014 

Guy G . Rampel 
G e n e r a l  E l e c t r i c  
Box 1 1 4  
G a i n e s v i l l e ,  FL 32602 
(904)   462-3521  

Bert  E. Reeves  2-35160 
V o u g h t   C o r p o r a t i o n  
P. 0. Box 225907 
Dal las ,  TX 75265 
(214)   266-4160 

Edward Reiss 
E l e c t r o n i c s  R b D Command 

F t .  Monmouth, N J  07703 
DELET-PB 

(201)   544-4211  

Don R i g h t e r  
Code  661 
NASA/GS  FC 
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